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AN INTERNATIONAL REVIEW OF SPECTROSCOPY AND 
ASTRONOMICAL PHYSICS 


VOLUME LX XII NOVEMBER 1930 NUMBER 4 


U CEPHEI: AN ANOMALOUS SPECTROGRAPHIC RESULT 
By EDWIN F. CARPENTER 
ABSTRACT 


Thirty-four spectrograms of the bright component of the eclipsing variable U Cephei, 
in spite of broad, shallow lines and the resulting large probable error of a single observa- 
tion (13 km/sec.), yielded, by reason of a large range in velocity (220 km/sec.), a satis- 
factorily defined velocity-curve, the elements from which (Table VI) indicate an orbit 
of abnormally high eccentricity (0.474) whose major axis is inclined approximately 65° to 
the line of sight. Earlier photometric data, largely influenced by a shallow secondary 
minimum near mid-phase, have indicated a circular orbit, but constancy of duration of 
eclipse and the nature of the variation of the period seem to preclude a reconciliation of 
the two sets of data by the assumption of a rotation of the line of apsides which should 
bring it into coincidence with the line of sight at the photometric epoch. The period is 
shown to increase steadily, with an oscillation of a few seconds’ amplitude and an irregu- 
lar period of about a dozen years. The usual methods for photometric orbits are extended 
to include cases where spectrograms have indicated orbits of high eccentricity. 


Since its discovery by W. Ceraski in 1880, U Cephei has been one 
of the more thoroughly observed, photometrically, of the eclipsing 
variables, a long series of measures by various observers culminating 
in the extensive work of R. S. Dugan,’ which yielded an orbit of 
high internal consistency. It therefore seems especially desirable to 
supplement these data with a spectroscopic orbit, and I was able 
to take spectrograms for this purpose at the Lick Observatory in 
1923-1925, for which opportunity I am indebted to the kindness of 
Dr. Aitken. The only spectroscopic data available to me regarding 
this star, besides the H.D. classification? of primary and secondary 


* Princeton Contributions, No. 5. Reference is made to this memoir for a very com- 
plete summary of earlier observations. 
2See also A. J. Cannon, Popular Astronomy, 25, 314, 1917. 
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components (Ao, Ko) and an earlier description of the spectrum at 
various phases by S. Blajko," is V. M. Slipher’s report? of a range 
of 90 km/sec. between two plates taken in 1907. Some other ob- 
servers, however, have photographed the spectrum, and it is per- 
haps due to the discouraging character of the lines that no spectro- 
graphic orbit has heretofore been computed; but a large range in 
velocity fortunately renders the poor definition of the lines rather 
innocuous. 
THE SPECTROGRAPHIC DATA 

In view of the unexpected orbital eccentricity disclosed by the 
spectrograms, it appears well to describe the observations and reduc- 
tions in rather more detail than would be required ordinarily. The 
plates were made with the 36-inch refractor, with use of a single- 
prism spectrograph with a 16-inch camera combination, giving a 
dispersion of 12.8 mm between Hf and H6. Exposures were gen- 
erally 30-60 minutes in length, though a few were shorter. Only 
wide and diffuse hydrogen lines appear, three of which were ordi- 
narily usable for the determination of velocity. Owing to the faint- 
ness of primary minimum, observations were confined to the phases 
of maximum light (6.8 mag.), and showed no trace of secondary 
spectrum, just as would be expected from the considerable range in 
brightness (2.3 mag.). From a plate taken with an exposure of 150 
minutes during primary minimum, A. H. Joy very kindly provided a 
velocity of the faint component, based on seven lines. In conformity 
with the photometric data, a nearly circular orbit was expected, and 
it was intended to use only eighteen or twenty spectrograms, but 
when a preliminary plot showed evidence of considerable eccentricity, 
several more plates were taken at critical phases, making a total of 
thirty-four usable plates, including the cne from Mount Wilson. 

All of the spectrograms except Joy’s were measured on a Gaertner 
comparator by Mrs. Carpenter (to whom I am also indebted for the 
greater part of the computing as far as orbit III), and many of the 
plates were measured by myself as well, the measurer being in no 
case aware of the phase of the plate. Table I presents the observa- 
tional data. Since HB and Hy were always measured and He could 

* Annales de l’Observatoire de Moscou (2d ser.), 5, No. 9. 


2 Astrophysical Journal, 25, 284, 1907. 
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be used only on exposures strong enough to show Hé as well, 
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col- 


umn 7 indicates the lines used for the velocities for each plate except 
Joy’s, whose line identifications were not revealed. The weights 


TABLE I 
SPECTROGRAPHIC OBSERVATIONS OF U CEPHEI 











. | ; wig } | 

Nor- | | ‘om Obs.! 4; lw 

Plate No. mal | Date G.M.T. , — L ? ty Peet Wt. Ba od 

o Mini- | 
mum* | | 

12704 8 | 1923 Jul. 18 | 23535™) 3619.983 | 24034 | 4 2 |+126 

Y 119427 12 | 21 | 22 10 | 3622.924 | 2.480 | 7| 3/-— 4 
12807.. 7 | 23 | 21 6 | 3624.880] 1.949 | 3] 1 |+134 
12808. . 7 | 23 | 22 2] 3624.918 | 1.989 3 | 1 [+106 | 
12809 8 | 23 | 22 47 | 3624.949 | 2.019 | 3] 1 |+126 
12810 8 | 23 | 23 14 | 3624.968 | 2.039 3] 2 |+126 
12843 | 3 Aug. 6 | 21 39 | 3638.902 | 1.012 | 3 | 2 |— 74 
12844. | 3] 6 | 22 38 | 3638.943 | 1.052 |] 3 2\i— 63 
E284§.0<<)' 3. ] 6 | 23 51 | 3638.9904 | 1.102 | 3] 2 /— 53 
r3102... | 1 | 1924 Jan. 7 | 17 34] 3792.731 | 0.282 3] 1 |— 65 
13446f...] 5 | Jun. 1 | 17 46 | 3938.740 | 1.703 | 3 | 2 |+ 18 
13447 | 5 | 1 | 18 29 | 3938.770 | 1.733 | 3} 1 |+ 58 
13542. 4 | Jul. 28 | 17 20 | 3995.720 | 1.346 4 |} 2|— 27 
13543 4 | 28 | 18 59 | 3995.791 | 1.416 4) 2i- St 
13549 el 30 | IQ 13 | 3997.801 | 0.935 3 2\i— 63 
13506....} 9 Aug. 5 | 22 57 | 4003.950 | 2.102 | 3 2 [+152 
13584....| 10 | 21 | oO 53 | 4019.036 | 2.229 3 2 |+138 
13715 2 Oct. 46 22 32 | 4089.939 | 0.835 3 ea 
13716 3 | 30 | 23 47 | 4089.989 | _ .885 3 2|/— 50 
13756 | 2 | Nov. 19 | 16 19 | 4109.680 | .633 21 si— 7 
13757 2 | 19 | 17 56 | 4109.747 | 0.700 | 2] 1 |— 64 
13832 IO | 1925 Jan. 2 | 15 43 | 4153-655 | 2.22 2 tr |+108 
13833.. II | 2 | 17 20 | 4153.722 | 2.203 4 2 I+ 57 
13840... I | 5 | 15 58 | 4156.065 | 0.247 | 3 | 2 |— 40 
13847....| 1 | 5 | 18 25 | 4156.767 | 0.356] 3] 2 |— 85 
13899....| 6 | Feb. 18 | 16 5 | 4200.670 | 1.877 | 3 | 93 
13901 7 18 | 18 14 | 4200.760 | 1.967 | 3| 1 |+ 91 
13939....| 1 Mar. 13 | 22 55 | 4223.955 | 0.229 |] 3 1/— 79 
T4007... 4 | May 23 | 21 32 | 4204.897 | 1.375 | 2 + I+ I9 
14008V..| 4 | 23 | 22 52 | 4294.952 | 1.430] 2 | 1 |— 26 
14008W..| 4 24 © 20 | 4295.014 | 1.492 2| 3 \|+ 22 
gnea...-|  § Jun. 5 | 17 55 | 4307-746 | 1.770] 4] 3 |+ 37 | 
£4023....) 6 5 | 20 56 | 4307.872 | 1.896 | 4] 3 |+ 54 
14024...:| 7 5 | 22 30 | 4307.937 | 1-961 | 4| 3 |+106 

| | 
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* Based upon earlier observations of Campbell (H.B., No. 762). 
+t Mount Wilson observation of secondary component. 


t Spectrograph provided with dense prism, dispersion =18.1 mm between Hf and Hy. 


listed in column 8 were assigned at the time of measurement, and are 
based upon the appearance of the plate and the consistency of its 
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results. Table II, which requires no explanation, shows the combina- 
tion of the observations into normal places. 

The period of U Cephei, which will be discussed in more detail 
on a later page, has long been known to be variable. In reducing the 
spectrographic observations the latest available light-elements given 

TABLE II 


SPECTROGRAPHIC NORMAL PLACES 


Phase from Obs. Velocity 





| 
No. Wt Prim. Minimum Km/Sec. | O-¢ 
Da deca tnt 0.50 01283 | — 67.8 | — 5.3 
eee ee 0.17 .667 a OE | | 
et See | I .00 0.971 | — 59.5 | — 2.7 
Bailnight aac 0.42 1.395 — 19.7 | + 4.2 
eT ea .50 1.741 + 34.2 + 1.2 
6 28 | 1.892 + 63.5 —13.0 
Dori 5 ola .50 | 1.968 +107.8 + 3-5 
-. Fafa 42 2.034 +125.7 — 4.0 
Benepe un Sif 2.100 +152.0 + 3.0 
EG ee eee .25 | 2.225 +128.0 + 6.8 
ees Se ee 2.291 “+ 57.0 — 20.9 
12 6.45 2.479 — 4.1 +12.1 








| 
| 
| 
| 


by Leon Campbell* as best satisfying observations from 1905 to 
1922 were used: 
J.D. 2423054.550+2%492901E , 


but his later observations? showed that during the interval of the 
spectrographic observations it would be more satisfactory to use 


J.D. 2424804.604+ 244929507E . 


The effect of this change of the period upon the reduction of the 
spectrograms is inconsequential, although there is a slight progres- 
sive change in phase, which is shown in Table III. While the phases 
used originally are kept in Tables I and II, in the further discussion 
the effect of epoch has been practically removed by the application 
of a mean correction of —o0.02 days to the phases from observed 
primary minimum. 

A plot of the individual observations, reduced by the method of 
Lehmann-Filhés, yielded preliminary elements which, with the 
exception of the period, were improved by a least-squares solution, 
* Harvard Bulletin, No. 762, 1922. 2 Tbid., No. 842, 1927. 
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with employment of Schlesinger’s usual formulae.’ The corrections 
are given in the second column of Table V. Since some of the correc- 


TABLE III 


TRUE PHASES OF SPECTROGRAMS FROM PRIMARY 
MINIMUM minus PHASES USED IN COMPUTING 
THE SPECTROGRAPHIC ORBIT 


J A Phase 
ee) ay acne —oto1o 
PRP EIREON ne Ae. &Lalaics ocak saree a .O15 
BATION: ons 6h 0 Pees ee ee 020 
PURE 32 sie ee aa ie es a ORS —0.025 


TABLE IV 


PRELIMINARY ELEMENTS 


P= 2%492901 (adopted for the -=0.451 
solution) w= 20°3 
y=—5.0 km/sec. T=J.D. 2423966 .682 


K=115.9 km/sec. 
tions seemed rather large, a second adjustment was carried out, the 
results of which are shown in columns 3 and 4. A further attempt 


TABLE V 
CORRECTIONS TO SPECTROGRAPHIC ELEMENTS GIVEN BY 
LEAST-SQUARES SOLUTIONS 


SOLUTION 


I | il | Il | Ila 








Corr. | Corr. PE. | Corr. | PE. | Corr. 
0. POR 5. ois 5 aw ecco — 1.6 |—0.9 + 3.2 |+1.5 3.7. |—-1.9 
BE NBEO SS. i555 heck Oc wssie es —10.1 |+3.2 2.6 |+o.9 3:3 5.4 
WE a aig sa td ohiaacee oe mise eit — 0.039|/+0.052 C.022|+0.010 0.022|/+0.058 
"pI Spe Ree ate ame eet + 4°5 |+1°8 3°4 |—1°6 3°3 j+3°2 
FUMES cn. a sina) cwneenes — 0.050|-+0.022 © .017|—0.009 0.014) —0.003 
Normal place of wt. 1, km/ | 
RG NN, Sere te She ie ie aa ek ae QrG be wanes ee 2d Roar Cee 
Single plate of wt. 1, km/sec.}........ ee a ee ee Eee EA Ghat weccad 


was made to reduce the probable errors (cols. 5 and 6), which, as was 
expected, was ineffective, but the orbital elements resulting from 
this solution III were adopted as final. 


* Publications of the Allegheny Observatory, 1, 33, 1908. 














210 EDWIN F. CARPENTER 


The tabulated period is Campbell’s for the spectrographic epoch. 
The eccentricity is the highest for any eclipsing binary, and is even 
very high for a spectroscopic binary, for which it would normally be 
associated with a period at least ten times as long. The velocity- 
curve resulting from these elements is the upper curve in Figure 1, 
the individual observations being represented by solid squares and 
the normal places by open circles the radii of which are equal to the 


km/sec. 70 0.6 1.2 1.8 2.4 





+160 
+120 
+ 80 
+ 40 








rt hel 








10.0 E] | ! : — | | i i | l 1 1 





Fic. 1.—Above: Velocity-curve of U Cephei. Solid squares represent the individua 
observations, circles the normal places with their radii equal to the probable errors 
The barred circle marks the Mount Wilson normal place. Abscissae represent phases 
from periastron. The computed phases of conjunction are indicated by the usual sym- 
bol. Below: The light-curve as defined by Dugan’s normal places. Abscissae indicate 
phases from primary minimum. The two curves are adjusted to show their observed 


relative phases. 


weighted probable errors. The Mount Wilson observation is plotted 
as a barred circle. Residuals from this curve for the individual obser- 
vations and for the normal places are shown in the last columns of 
Tables I and II. 

The propriety of including in these solutions Joy’s velocity of the 
secondary star at primary minimum is perhaps open to question. 
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The velocity of a component at conjunction differs from the sys- 
temic velocity by Ke cos w, which vanishes in general only in cases of 
circular orbits. In this case, however, on a reasonable assumption 
for the relative mass of the secondary star, this term is not greatly in 
excess of the uncertainty of a normal place of its weight, and in view 
of the lack of observations near this phase, occasioned by the faint- 
ness of the secondary, the retention of the observation seemed justi- 
fied. In any event, its residual is not large, but to test more thor- 
oughly its effect, a solution based on orbit II was carried out, by the 
use of the same equations of condition as for III with the omission of 
No. 12. This solution, IIIa of Table V, is thus directly comparable 


TABLE VI 


FINAL ELEMENTS 


Epoch= 1924.5 w= 25-04 3-3 
P= 2144929507 T=J.D. 2423966.644+0%014 
y= —6.0+3.7 km/sec. a sin i= 3,320,000 km 
K=109.9+3.1 km/sec. m3 sin? i s 
€=0.474+0.022 (m+m,)? °° 739 


with III. No marked change results, but the eccentricity and perias- 
tron minus node are both somewhat increased, a result which might 
have been anticipated from an inspection of the velocity-curve, this 
observation obviously tending to reduce slightly the asymmetry of the 
curve. Hence the remarks appearing below concerning orbit III 
apply with at least equal force to an orbit based wholly upon my 


plates. 
THE PHOTOMETRIC DATA 


Photometric orbits of U Cephei, representing a large faint star 
totally eclipsing a small bright star at primary minimum, have been 
derived by H. Shapley,’ R. S. Dugan,’ and R. H. Baker.’ Shapley 
used 695 photometric observations by O. C. Wendell,‘ Dugan, 
14,112 measures of his own with a polarizing photometer; and Baker, 
305 extra-focal photographs made by Miss Cummings and himself. 


™ Princeton Contributions, No. 3; Astrophysical Journal, 36, 269, 1912. 
2 Princeton Contributions, No. 5, 1920. 
3 Laws Observatory Bulletin, No. 30, 1921. 


4 Harvard Annals, 69, 58, 1909. 
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The light-curves are in essential agreement, except for the greater 
depth of Baker’s primary minimum occasioned by the late type of 
the secondary. Dugan’s curve, as the most complete, is reproduced 
in Figure 1 in its observed phase with the velocity-curve above it. 
All three light-curves are characterized by distinct asymmetry dur- 
ing the primary minimum, in the sense of a more rapid rise than 
descent. There is some evidence for a slight retardation of the sec- 
ondary minimum from the mid-phase of the light-curve. Shapley 
estimates an uncertain tenth-of-a-day retardation; Baker seems to 
regard it as fairly certain; and Dugan admits its possibility, though 
in the last two cases the curve is not so well covered at emergence 


TABLE VII 


THE PHOTOMETRIC ORBITS 








Shapley | Baker | Dugan 
pete 2. a eel 5 
| 
E noch of observation .............0.005- | 1902.7 | 1915.5 | 1915.5 
SR TS | Uniform Uniform One-third 
| darkened 
Eccentricity (assumed)................. | | oO ° 
Lag of secondary minimum from mid-phase|_ 041: of] Slight 
Duration of tire SU Sa alna |  .442 .414 | 04420 
Duration of total phase................. | 0.0894 | O.101 | 0.0707 
PRGMMMEIOOIOTINE ...... 6c soccvccscccoessl OO 90° | 86°4 
Oe a a er re | 0.63 0.60 | 0.62 
Semi-major axis of bright star, rz......... | 324 .320 .322 
Semi-major axis of faint star, r2.......... | 0.205 ©.190 ©.200 
| | 


from the secondary eclipse as it is elsewhere. In the opinion of these 
computers this lag perhaps indicates some slight orbital eccentricity, 
but since its effect cannot be separated from the effects of orbital 
orientation, on account of the shallowness of the secondary mini- 
mum, in deriving their orbits, an eccentricity of zero is assumed. 
Table VII presents the pertinent data of these orbits. 

Apart from the question of the real shape of the orbit, there are 
two discrepancies between the results from the spectrographic and 
photometric observations: (a) the spectrographic elements predict 
superior conjunction 04164 = 39 earlier than the observed primary 
eclipse, and (b) in consequence of the shape and orientation of the 
orbit, the spectrographic phase of inferior conjunction occurs o451 = 
122 after the mid-phase occupied by the observed secondary mini- 
mum. 
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ATTEMPTS TO RECONCILE THE DATA 


These inconsistencies lead to the question of the reliability of the 
orbits which are compared, and, in view of the independent confirma- 
tion of the photometric results, suspicion falls upon the spectro- 
graphic orbit. It is largely for this reason that this paper has been 
thus delayed, in the expectation of repeating the spectrographic 
observations at a different epoch at this observatory, but equipment 
not developing in this direction as it was hoped, this plan has now 
to be foregone. However, in justification of the spectrographic re- 
sults it may be pointed out that in the instruments and reduction 
there was no departure from standard equipment or procedure, that 
the large range in velocity and the combination of results of widely 
separated dates into the same normal preclude any likelihood of 
systematic error, that the observations themselves are thoroughly 
consistent, showing only moderate relative dispersion, and that 
Joy’s independent velocity behaves quite as would be expected. It 
is nevertheless possible that many more spectrograms could change 
the velocity-curve so that the four-hour discrepancy at primary 
eclipse would be eliminated, although it seems too much to expect 
that the general form of the curve could be materially altered. Re- 
moval of the discrepancy by introducing it into a least-squares solu- 
tion is unsatisfactory by reason of the large resulting residuals which 
enter into the equations of conditions, but if the three elements pri- 
marily concerned are each changed in the optimum direction (i.e., 
T increased and w and e decreased) by four times their probable 
errors, the time of primary eclipse is satisfactorily predicted. The 
curve thus resulting from these so arbitrarily adjusted elements, 


T=J.D. 2423966.700 , 


e=0.386 , 


does not, however, fit the observations well, running 30-40 km/sec. 
too high up to a phase of one day from periastron and consistently 
about 20 km/sec. too low thereafter, while owing to the greater 
asymmetry of orientation of the orbit the secondary eclipse is worse 
represented than before by fully two hours. And it is doubtful if 
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there is any virtue in correcting the discrepancy in one eclipse if the 
other is not improved. 

Since the photometric and spectrographic observations here dis- 
cussed are separated by an interval of nine years, it is tempting to 
try to reconcile the two orbits on the basis of a rotation of the line of 
apsides, which must be consequent upon the polar flattening which 
is usually found in eclipsing systems of short period. The photo- 
metric observations of 1915 are then supposed to take place with the 
major axis of the orbit nearly coincident with the line of sight. Since 
the eccentricity of U Cephei is too great to be expressed manageably 
in series form, Russell’s usual formulae for the photometric elements 
of an eclipsing binary with eccentric orbit’ cannot be used. Instead, 
the variable radius vector may be introduced into the fundamental 
equations for circular orbits.’ If the semi-major axis of the relative 
orbit is taken as unity, then the distance between centers of the 
stars is given by 

6?= R? cos? i+ R? sin? i sin? 6, (1) 


where R is the radius vector and @ has the same meaning that Russell 
gives it but does not vary uniformly with time. Then 


R? cos? i+ R? sin? i sin? 0=r?{y(k, a)} ? (2) 
and, following Russell, 


(Ri — Re) cost $+ (Re sin*® ¢,— Rj sin’ @,) sin? t | a 4) (3) 
(R3— R2) cos i+(R2 sin? 0,— R2 sin’ 0,) sin? i °°" %° 3 





Unless the principal eclipse takes place at periastron under rather 
special circumstances of the stellar radii, a system having the light- 
curve of U Cephei must have i=go° nearly, so that as a first ap- 
proximation, to be tested later, we may write 

R? sin? 6,—R3 sin? 0 

by ee eee ee 
¥(k, ax) R? sin? 6,— Rj sin? 6; (4) 


or 
R? sin? 0,= A+By(k, a) , (5) 


t Astrophysical Journal, 36, 54, 1912. 2 [bid., 35, 315, 1912. 
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where the R’s are now included in A and B. If now the values for 6 
are computed from the adopted spectrographic orbit, the usual 
tables for circular orbits may be used for finding the ratio of the 
radii of the stars, k. If equation (2) is then written for 6 and 6, and 
the ratio taken, a little recombination of terms yields an expression 
for cos? 7, and 7; may now be determined from (2) written for 4 or 
for 0. Finally, the light-curve may be represented by (5); but, since 
there are now two variables, R and @, the former varying the more 
slowly, it will usually be necessary to proceed by successive approxi- 
mations, especially at some distance from apastron. 

Using this method, but without taking the trouble to rectify the 
light-curve, especially since this becomes very complex and highly 


TABLE VIII 


PHOTOMETRIC ELEMENTS FOR PRIMARY ECLIPSE 
AT APASTRON 


Speed of orbital rotation =13° per year 
r,=0.198* 
fa= .133* 
k=0.67 
i= go°o 
Ratio of surface brightness =15.8 
* Semi-major axis of relative orbit =unity. 


uncertain with a large eccentricity, solutions were made on the as- 
sumption of primary eclipse taking place at periastron and at 
apastron. The former assumption must at once be ruled out, be- 
cause the resulting stellar radii are so great as to cause interpenetra- 
tion at periastron,’ but the second assumption leads to apparently 
reasonable elements, as shown in Table VIII. 

The ratio of surface brightness is in good agreement with the 
spectral types. At periastron the stellar surfaces are separated by a 
distance approximately equal to the radius of the larger star. Except 
for the asymmetry, which was not explicitly introduced, the primary 
light-minimum is well represented, but the shallow secondary mini- 
mum, while well represented as to depth, has a duration rather less 
than half the observed. Apart from this last point, which is some- 


‘ Apart from the difficulties of phase, the spectrographic elements of orbit IIT also 
result in a geometrically impossible representation of the observed primary minimum. 
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what involved in observational difficulties, there are four well-known 
tests of orbital rotation, to which the observations of U Cephei do 
not respond favorably: (a) The duration of eclipses should be alter- 
nately long and short as they occur alternately near apastron and 
periastron. (b) The occurrence of secondary eclipse with respect to 
primary should oscillate about the mid-phase. (c) The apparent pho- 
tometric period should undergo a regular oscillation about a mean. 
(d) The asymmetry of light-minimum should alternately involve the 
descending and ascending branches in opposite sense, but since other 
asymmetrical characteristics might possibly effectively mask this it 
may be dismissed as of secondary importance. 
TABLE IX 


DURATION OF PRIMARY ECLIPSE PHASES BELOW VARIOUS 
MAGNITUDES AT Four Epocus 


MAGNITUDE 





7.0 735 8.0 8.5 9.0 
. . : | | , 
Pickering,* 1880-1881... 0433, | of23 | of18 | 0916 | oft2 
Pickering, 1895-1897... .| ae ce . oa a .09 
Wendell, 1895-1902..... | .47 26 | > ves, <42 
| 
Dugan, 1914-1916.......| 0.37. | 0.23 | 0.17 | 0.13 | O.11 





* Data for the first three entries are taker from Miiller and Hartwig, Geschichte und Literatur des Licht- 
wechels, 1, 28, 1918; for the last, from Dugan s paper to which reference has been made. 


a) The duration of eclipses——Mrs. Shapley, in her discussion of 
the period of U Cephei,’ shows that Wendell’s observed times of 
the star passing magnitude 8.4 on the descending and ascending 
branches indicate very effectively that there was no change in the 
duration of primary eclipse at the corresponding phase in the inter- 
val from 1896 to 1911. Further confirmation of this extending from 
1880 to 1916 is contained in Table IX, which gives the duration of 
five phases of primary minimum at four epochs. The intermediate 
magnitudes deserve greatest weight, since in passing through these 
the brightness is varying most rapidly. Clearly the duration of 
eclipse is substantially constant over an interval of thirty-six years, 
whereas an eccentricity of the order indicated by the spectrographic 
data implies at least twice the duration of eclipse at apastron as at 
periastron. 


t Astrophysical Journal, 44, 51, 1916. 
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b) The phase of secondary eclipse —Even if the apparent photo- 
metric period appears disturbed by other causes, there should at 
least resu!t from orbital rotation a periodic displacement of secondary 
minimum about mid-phase by an amplitude indicated in this case to 
be at least fifteen hours. Evidence available to me on this point is 
negative, the three complete light-curves discussed above showing 
the secondary minimum close to mid-phase, but this of itself is not 
very conclusive, since the interval between Wendell’s epoch and 
Dugan’s and Baker’s epoch is favorable to a rotation of 180° at a 
rate approximating 13° per year. 
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Phase from primary minimum 


Fic. 2.—Dugan’s unweighted individual observations through secondary minimum 


at three epochs. The ruled magnitude interval=o.2 mag. 


Perturbations of this magnitude ought to show in Dugan’s obser- 
vations of secondary minimum, which cover a space of more than 
two years. Figure 2 shows all of his individual observations between 
phases of twenty and forty hours from primary minimum plotted in 
three groups whose mean dates are separated by about a year. Un- 
fortunately, the emergence is not so consistently well observed as the 
immergence, so that only the time of beginning of eclipse is useful 
here. Evidence for a progressive retardation of phase, which is in 
order at this epoch under the circumstances in question, is pretty 
weak, and in any case the shift can hardly be greater than that indi- 
cated by the inclined broken line—much too small for a uniform 
orbital rotation of the speed suggested. 
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c) The period.—Mrs. Shapley’ has very completely assembled the 
observations upon the primary minimum of U Cephei up to 1914, 
and computed their residuals from Wendell’s light-elements, con- 
cluding that, apart from a rather abrupt change in the period in 
1905, the changes, while real, were slight and complex. In Table X 
are gathered residuals from observations made since Mrs. Shapley’s 
paper, and an earlier one by Schwerd.? All data are plotted in 
Figure 3. 

In a rotating orbit of slight eccentricity a plot of residuals from 
linear elements against time gives a sine-curve,’ but when, as in this 


TABLE X 


RESIDUALS FROM WENDELL’S ELEMENTS 











Epoch J.D. O-C | Observer Reference 
SS ae | 01733: | Schwerd Chandler, A.J., 9, 49 
2421290... ire .0229 Dugan Princeton Contr., No. 5 
oe) ae .0275 Campbell Personal communication 
Oe: aes .0297 Dugan Princeton Contr., No. 5 
eo paca Serer vs .040 Campbell H.B., No. 762, 1922 
2423240..... bi .047 Campbell | Personal communication 
Le.) | .065 Stetson Personal communication 
B4RABOR. © 5. 8 oi es .0846 Campbell H.B., No. 842, 1927 
Oe ae .0075 Campbell Ibid., No. 862, 1928 
a SS ee eae Pee | 0.101 Campbell | Ibid., No. 871, 1929 








case, the eccentricity is much too large to be expanded usefully into 
a series, the resulting curve, having an amplitude here of eight or 
ten hours, is quite asymmetrical, although the actual curve is hard- 
ly computable, since, on account of the variation of the perturbative 
force throughout the orbit, the orbital rotation will not be uniform. 
It is at first tempting to interpret the plotted curve as a part of one 
resulting from orbital rotation, though the period would probably 
not fit well. A uniformly increasing period, however, gives a residual 
curve of the form of a vertical parabola, so that it appears more in- 
formative to deduce the true periods from the figure by computing 

t Thid. 

2 For a discussion of the justification of using Schwerd’s observation see Dugan, op. 
cit., Pp. 29. 


3 André, Traité d’astronomie stellaire, 2, 253, Paris, 1900. 
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from the slope at any epoch the corresponding correction to Wen- 
dell’s period. Figure 4, so derived, which is essentially an extension 
of Dugan’s to later dates, shows that the complete history of the 
period, as far back as our observations extend, involves an essen- 
tially uniform increase with small superposed oscillations. With due 
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J.D. 2410000 2420000 

Chandler o Plassmann + 
Wendell e Bemporad x 
Pickering-Wendell-Searle Lehnert a 
Schmidt ° Ginori ' 
Baxendell Sr. > Dugan a 
Baxendell Sr. & Jr. 4 Campbell 
Dunér v Stetson wo 
Schwab 4 


Fic. 3.—Residuals from Wendell’s elements. As far as the hump about 1912 the 
curve is essentially the same as Mrs. Shapley’s. The various observers are indicated by 
the symbols above. For the original references see Mrs. Shapley’s and Dugan’s papers, 
and Table X of this paper. 


consideration to the inherent inaccuracies of graphical differentia- 
tion, it seems difficult to doubt the reality of those oscillations, since 
the corresponding oscillations in the residual curve from which they 
are derived are well above the presumable minute or two uncertain- 





4 
{ 
i 
q 
t 
I 
4 
H 





220 EDWIN F. CARPENTER 


ties' of observation. But their amplitude and period, especially the 
former, are much too small to fit any hypothesis of advance of 


periastron. 


The definite reconciliation of the photometric and spectrographic 
data on the basis of a rotation of the orbit in its own plane, which 
was tentatively suggested as a possibility in a preliminary note,” has 
then to be abandoned in spite of the favorable representation of the 
light-curve on the assumption of a reasonable speed of rotation. It 
then becomes equally difficult to explain the apparent absence of 
such rotation in a system presumably so well suited to its detection. 
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Fic. 4.—The period of U Cephei through eighty years 


U Cephei appears to be a system much more complex than its 
idealized light-curve would imply. Granted Dugan’s reasonable ex- 
planation of the uniform increase of period as due to tidal evolution, 
the oscillations of the period are still a mystery. G. Viola’ recently, 
from mean light-curves made some years ago at Catania and Capo- 
dimonte, and H. T. Stetson‘ earlier from single light-curves, have 
shown a lack of constant light during the total phase of primary 
minimum. Unfortunately, the secondary minimum is so shallow as 
to be studied only with considerable difficulty. Probably the most 
effective line of attack upon these complexities at the present time 
would be close following spectrographically. 

STEWARD OBSERVATORY 
UNIVERSITY OF ARIZONA 
August 1930 
t Dugan, op. cit., p. 33. 
2 Popular Astronomy, 38, 401, 1930. 3 Atti Lincei (6th ser.), 10, 508. 


4 Astrophysical Journal, 43, 325, 1916; Popular Astronomy, 32, 623, 1924. 
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TEMPERATURE CLASSIFICATION OF THE SPECTRA 
OF EUROPIUM, GADOLINIUM, TERBIUM, DYS- 
PROSIUM, AND HOLMIUM, \X 3850 TO X 4700" 

By ARTHUR S. KING 
ABSTRACT 


Spectra of europium, gadolinium, terbium, dysprosium, and holmium, as given by 
electric furnace, arc, and spark, have been examined in the range \ 3850 to A 4700 with 
regard to the segregation of neutral and enhanced lines, temperature classification, the 
occurrence of hyperfine structure, and other distinctive features. The total of 2277 lines 
listed is made up of 219 lines of europium, 627 of gadolinium, 733 of terbium, 534 of 
dysprosium, and 164 of holmium. 

Measurements of wave-length were made for 666 lines. These are in part new lines 
prominent in the furnace but faint in the arc spectrum, partly known lines for which 
improved measurements could be obtained, and partly close doublets previously meas- 
ured as single lines. 

The spectra of gadolinium, terbium, and dysprosium are especially rich in neutral 
lines which are relatively strong in the furnace. Europium and dysprosium show low- 
temperature lines which have high intensity and are easily reversible, a type which is 
unusual in the spectra of the rare earths. 

Lines having hyperfine structure are numerous in the spectra of europium, terbium, 
and holmium. The patterns of hyperfine holmium lines resemble those of praseo- 
dymium. The present material, taken in connection with data at hand for other rare 
earths, shows that hyperfine structure occurs regularly in the spectra of rare earths of 
odd atomic number, as far as their spectra have been observed with reference to this 
phenomenon, while for even numbered rare earths the spectrum lines are uniformly 
without hyperfine structure. : 


The treatment of material in this paper is similar to that for the 
spectra of cerium and praseodymium,’ the chief object being the 
temperature classification of the lines of both the neutral and the 
ionized atoms by means of a comparison of furnace spectra at sev- 
eral temperatures with the spectra of the arc and spark. Preliminary 
to this classification, it was necessary to distinguish between lines 
of the neutral and of the ionized spectra, and throughout the entire 
investigation attention has been paid to special features which may 
aid in an analysis of the spectra when these have been examined 
through a greater range of wave-length. 

The spectral region examined is the most useful for comparison 
with celestial spectra, and, on account of the mingling of neutral 

™ Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing- 
ton, No. 414. 

2 Mt. Wilson Contr., No. 368; Astrophysical Journal, 68, 194, 1928. 
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and ionized lines in about equal proportions, shows best the char- 
acteristics of the spectra concerned. For the rare-earth spectra thus 
far studied, ionized lines are relatively numerous in the violet, and 
at shorter wave-lengths make up almost the whole spectrum, while 
in the blue-green and farther to the red the neutral lines predomi- 
nate. 

Between \ 3850 and A 4700, as for cerium and praseodymium, 
the ionized lines are strong in the arc spectrum, and normally ex- 
posed spectrograms of arc and spark thus appear much alike. The 
furnace spectrum has a very different appearance, being made up 
of the neutral lines, often inconspicuous in the arc, while the ionized 
lines which persist in the furnace are faint as compared with their 
arc intensities. A mixture of caesium with the element studied has 
been used in the furnace for all five of the elements. The large sup- 
ply of free electrons obtained by reason of the low-ionization poten- 
tial of caesium produces a recombination of the ionized rare-earth 
atoms and thus suppresses the ionized lines at temperatures for 
which many of them show distinctly when the rare earth is vaporized 
alone. The spectral characteristics of the individual elements will be 
considered later in the paper. 


EXPERIMENTAL METHOD 


The second order of the 15-foot concave grating was used, giving 
a dispersion of 1.86 A per millimeter. For the classification of the lines 
the carbon-tube furnace was operated in vacuum at temperatures 
of approximately 2000°, 2300°, and 2600°-2800° C for the low, 
medium, and high stages, respectively. 

The samples of rare earths used were oxides, prepared by G. 
Urbain, of Paris, and obtained by the writer from Professor G. 
Eberhard, of Potsdam. The impurities present in some of the 
samples were chiefly other members of the group of five under in- 
vestigation, and an intercomparison of spectra usually indicated 
clearly the source of the impurity lines. 

All these elements belong to the scarcer group of rare earths, and 
to conserve the material the oxide was usually placed in a graphite 
combustion boat located midway in the furnace tube. This tended 
to avoid explosive expulsion of the oxide at the first heating. For 
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the arc and spark, the oxide was either held in the lower electrode of 
carbon or graphite, or, when the elimination of the carbon spectrum 
was desirable, mixed with silver filings in a bored-out silver electrode. 


MEASUREMENTS OF WAVE-LENGTH 

Most of the existing wave-length tables for these elements leave 
much to be desired. The scarcity of the substances has resulted in 
measurements by only a few observers, for the most part before 
modern standards of wave-length were established. In the present 
work 666 lines were measured, chiefly in the furnace spectrum from 
iron standards or from good lines of titanium or vanadium given by 
impurities in the graphite tube. Part of these wave-lengths are for 
the stronger known lines, both neutral and enhanced, for which good 
three-place values could be obtained on account of their sharpness 
in the present spectrograms. Others are for neutral lines distinct in 
the furnace spectrum, though faint in the arc and not previously 
measured. A third group consists of close doublets, measured by 
former observers as single lines but clearly resolved on my plates. 
Such a pair often consists of a neutral and an ionized line, and these 
were measured in either the furnace or the arc spectrum, or in both, 
to obtain the best value for each component. Measurement of hyper- 
fine lines was usually deferred until plates of higher dispersion had 
become available, since the components are often graduated in in- 
tensity, as well as in spacing, and a single wave-length for such a 
pattern is of limited value. Some of these wave-lengths, as well as 
those of some faint single lines, are given to only one decimal place. 

The writer was assisted in the work of measurement and in mak- 
ing up the tables by Miss Brayton, of the Computing Division. 


HYPERFINE STRUCTURE 
In studying the spectra of lanthanum‘ and praseodymium? it was 
noted that a large proportion of the lines of these elements are com- 
plex. Such lines of lanthanum form close patterns of at least three 
components, while the praseodymium patterns are wider and, when 
resolved, show regularly six components. For some of these the spac- 


™ Mt. Wilson Contr., No. 326; Astrophysical Journal, 65, 86, 1927. 


2 Loc. cit. 
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ing increases toward shorter, and for others toward longer waves. 
The structure of praseodymium lines was examined further under 
high dispersion by the writer, and then more extensively by H. E. 
White’ and by Gibbs and Gartlein.’ 

The fact that lanthanum and praseodymium have odd atomic 
numbers, while the even-numbered elements, cerium, neodymium, 
and samarium, were found by the writer to show no complex lines 
beyond occasional doublets, suggested that the frequent occurrence 
of hyperfine lines might be a characteristic of the odd-numbered 
rare earths. This is fully borne out by the present investigation, in 
which complex lines were found to be numerous in the spectra of 
europium (63), terbium (65), and holmium (67), while the lines of 
gadolinium (64) and dysprosium (66) show no complexity. With 
the exception of illinitum (61), we have data concerning hyperfine 
structure for elements 57-67 inclusive; and, as an extension of the 
evidence, it may be added that my preliminary spectrograms of 
erbium (68) show no hyperfine lines, while a letter from Dr. Meggers 
states that the lines of lutecium (71) have hyperfine structure and 
those of ytterbium (70) are sharp. Complex line structure thus seems 
to be general for the odd-numbered rare earths. Although data are 
lacking for the spectra of illinium (61) and thulium (69), both may 
be expected to contain hyperfine lines. 

Hyperfine structure, according to modern theory,’ arises from the 
influence of nuclear spin on the outer part of the atom. The com- 
ponents of complex lines can then be expected to result from the 
slight changes of energy-level due to the magnetic moment of the 
nucleus. A consequence of the present observations would be that in 
the rare-earth atoms of odd atomic number the interaction between 
the nuclear moment and the outer electrons is much more pro- 
nounced than for the general run of elements, which only occasion- 
ally exhibit hyperfine structure. The hyperfine patterns of holmium 
and praseodymium are comparable in size and similar in appearance 
to those of bismuth, the element for which this phenomenon has 
been most carefully studied. 

t Physical Review, 34, 1397, 1920. 

2 Unpublished. 

3 Pauling and Goudsmit, Structure of Line Spectra, 1930. 
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EXPLANATION OF THE TABLES 


In Tables I to V the first column gives wave-lengths on the 
international system. The source: of these, when taken from lists 
already available, are noted in the descriptions of the several spectra. 
An asterisk (*) refers to a note at the end of the table, and a dagger 
(+) indicates that the line was measured during this investigation. 

The second and third columns give intensities for the arc and 
high-temperature furnace, respectively. The addition of R or r indi- 
cates complete or partial self-reversal. A minus sign after intensity 1 
means that the line is very faint on the arc spectrogram examined, 
which was of such general intensity as not to show serious over- 
exposure of the stronger lines. The intensities at medium and low 
temperature, which were required for the classification, are omitted 
in order to condense the tables. The relative intensities of the lines 
at these lower temperatures are indicated in some degree by the 
class designations in the last column. Thus the more decided low- 
temperature lines are in class I, and those strengthening more rapid- 
ly with rising temperature in class II. Lines of class III are faint or 
absent at low temperature, but strong at the medium stage, while 
lines of class IV appear only at high temperature and those of class 
V only in the arc. 

For the spectra of europium, terbium, and holmium, Arabic num- 
bers denoting the probable number of hyperfine components making 
up the given line are placed after the class numbers. The addition 
of v or r to the number indicating hyperfine structure means that 
the pattern in question has wider spacing of the violet or of the red 
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TABLE I 


TEMPERATURE CLASSIFICATION OF EUROPIUM LINES 
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TABLE I—Continued 
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TEE, 2 | 4660.35..... | 10 
IV, 2 | 4661.865T ‘| 250R 
Ea «©=s i) «4668.07... | 3 
v3 | 4671.20..... | 4 
/ a) eee I 


| 
| 
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CLASs, 


| No. Comps. 


Fur. 








to | 








VE, 2 
III 

VE 

VE 

V, 2 

VE 
VE.3 
VE, 3 
III, 2 
VE 

VE 
VE, 2 
II, 2 
’E, 3 
E 








228 ARTHUR S. KING 


NOTES TO TABLE I 
r 
3907 .113 Line measured is unresolved triplet; faint fourth component to violet not 
measurable 
3930.425 Not fully resolved from strong triplet 
3971 .899 Not fully resolved from strong triplet 
4066.05 Blend Gd1 
4069.02 Violet component stronger 
4085.36 Red component shows in furnace 
4103.87 Furnace line probably Ho 
4119.35 Components partially resolved 
4129 .639 Not fully resolved from strong triplet 
4137.11 Blend Gd 11 in arc 
4157.81 Blend Gd 1 in furnace 
4182.28 Furnace line largely C 
4204.909 Not fully resolved from strong triplet 
4298.73 Close to 77 in furnace 
4330.00 Blend V in furnace 
4413.55 Components partially resolved 
4522.602 Line measured is unresolved triplet; faint line to violet not measurable 
4535.59 Blend 7% in furnace 
4586.46 Very diffuse 
4597-35 Shaded to violet 











3836.90.... 
3839.03..... 
3840.264T... 
3842.20 
3843-2 
3844-.: 
3850.69.... 
2BET.O0% «<5 
3852.50 
3855-57 
3863.05 
3866 
3867 
3874 


.62T 





.o8oT...| 


3875-33----- 


Ce ee 


3887.10.. 
3887.730T 
3888.94..... 
3890.415T.. «| 
2B00.00% ..«% 
S608. 75. 5 +s 
REGAINED. <5 « 
SEO 2G ss 
3895-791 
3895.900T 
SEOOLAS. sa 
3807-3231 - 
3898.46 
3002.42..... 
3902.718f. 
3904.2937. 
3905.653T.. 
3907.12 
3908.149T 
2000:25.. . 
3909.945T 
pS 
3053.00..... 
SOTEIIO «0.0 ¢ 
3913-79. 
SONOS vx s:0 
3916.672f... 
2016.07 063.6 
$035.20. 6s 
3923-2497... 
3923-3331 
9004.32)... 6% 


3926.688f... 
9032.05..... 


3934-790*T. . 

















SPECTRA OF RARE EARTHS 22¢ 
TABLE II 
TEMPERATURE CLASSIFICATION OF GADOLINIUM LINES 
ne = | - - ——~ 
INTENSITIES INTENSITIES 
= CLASS » (1.A.) | | - |} CLass 
Arc Fur. | Arc | Fur. | 
| | | 
100 2? | IVE 3035-303T---| 40 30 | IT 
60 1 | IVE 4038:14.<%. 8 ee TRS 
6 5 Il 3938.98 Yet Se ies 2 VE 
80 I IVE 3941.802T...| 40 ae «| 
40 10 I 3942.643T.. 60 30 I 
125 2 IVE 3043-244T.. 30 20 ;} I 
150 ? | IVI 3043-031T 30 20 | II 
200 4 | ITE 3045-548*T 150 100 | I 
150 ? | WE 3045-7531- - 2 8 | IIA 
yo a reer | VE 3947.05 6 6 | IV 
a ee VE 3949.23 8 .| VE 
sq | ase fa 3952.01 40 r | VE 
8 6c} EF Ee oe ye eee 80 4° | I 
8 6 IT 3957-09 150 2 | IVE 
WO Facial VI 3958.681T 8 30: |} EEES 
aan Aree? VE 1] 3959.437T. .| Me Padus es, | VE 
Co aa) Loner VE 2QS0.5901....| © SO [ocesexad VE 
8 15 IITA 3960.1137T.. 15 30 | IITA 
12 5; | IW 3062.12 6 | | VE 
8 | 10 | IV 3963-66.....| 15 |....--. | VE 
7 ae ere ee | VE 3964.97*T... go r | IV 
4 4 | IV 3965.03 *t 3 | 4 1 32 
200 6 | IV I 3966.270T. 60 60 | II 
me be... VE 3966.84. Se Shag me | VE 
ya Cae | VE 3968.34. ea are VE 
4 8 IVA 3969.004T...| 60 ee ea! oe 
Ye eee | VE po in Eee eat | VE 
8 S. ') 2y 3970.199T 4) s | 3¥ 
= ae | VE 3971.09 ie oo Pee 
150 4 | IVI 3971-77 40 I | VE 
30 25 IT 2072:20...:- 8 Me ik 
20 25 II 39072-7131. 30 | 40 | I 
30 25 II 3974.06 40 | r Lice 
6 5 IV 3074-241T oe Cages 4 | VE 
2 | ior VE 3974.819T 30 4o | Il 
IV ; a co 
é| 8 | a 3975-13 ieee | eae SS 
ey Madea siavers VE 3979-340*T 60 80 ITA 
4 5 | oe 3979-7591. - 2] 2 IV 
8 10 | [IV 3980.14. . 21 2 IV 
Sa Ae | VE 3983.04. . as Beto Fe VE 
300 3 | IVE 3984.82. 2 6 TILA 
10 ia | 2 3985.67 2 I IV 
TG Petree | VE 3987.24.. 60 | 2 IVE 
Ma Se VE 3987.840T . 50 | 50 II 
30 r | IVE Ry re 8 ane eee VE 
ew Vad. | VE 3005.70. ....| ee Per VE 
2 ac ) 3992.696F...| 20 40 IIA 
15 IV 3993-26 } 20 | 1 | IVE 
15 Pen VE IOGAIO. <2«.% | 40 | r | IVE 
2 50 | I 3996.34.... | re ee | VE 
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230 
TABLE II—Continued 
|| | | 
INTENSITIES | 1 INTENSITIES | 
(hE) SS CLASS d (1L.A.) | | | CLass 
Arc | Fur } Arc | Fur. 
3007.78..... CT ae eee | VE | 4049.197T...| 15 | 40 | IITA 
4000.16..... 4 10 IVA || 4049.44..... | 150 | et IVE 
4001.20. 30 tr IV E 4049-5481 .. .| 4 | 8 | IIA 
4001.63..... 2 2 IV 4049.90. . | 200 | 2 | IVE 
4001.95 Ue apes VE 4050.373*T. .| 10 | 20 | IMA 
4003.37: .. mi 6 IV 4051.62 | 2 | 6 | IV 
4003.85... 0 Herr VE MORTAL... | to a eee VE 
4004.93..... ROS Pa. chy se, VE 4053.643T... | 200 | 150 I 
4000.975T 6 30 TIA 4054.731f.. 80 | 75 I 
4008.330T... 25 50 IIA || 4056.04..... 2 |. Ss bee VE 
4008.91*.... 30 | ? VE 4058.222f...] 250 | 200 I 
400.2%... «: 8 | Be VE AO50.40)...:. «1 at VE 
4013.4307.. 6 | 8 II 4059.876T .. ] 4o | 50 IT] 
4023.6%.....1 20 | hi? VE 4060.933T... I 3 | INA 
4013.92.....| a Cs VE 4061.1637.. 4 20 | ITIA 
4086-91... 6 6 IT] 4061.30.... LO <d.scaccxh pM 
4015.592T.. 6 | 10 Ill 4OGOTES:..... ‘- 8 | IIA 
4017.2551. Io | 8 II] 4062.61.. Ree ar VE 
4017.7207...| 20 | 12 | ITI 4063.45.... 150 | r | IVE 
4019.7307.. | 12 | 40 | ITA 4065.63.....| OC Nkses Saeew 
4020.42 2 | y 4 BY. 4000.11... IO (| 20 ITI A 
4023:61..... 2 | 2 1. 4068.3587T. . ret 30) EA 
Py ae 15 als VE 4008.77. | ro: |. 20 IITA 
4023.154T...| 80 100 | | 4070.2927...| 40 | r | IVE 
4023.3551.. 60 1oo | I 4070.396T...| 20 1 | IVE 
4023-90... 2 3 IV 4073.9%.>..<| 40 I | IVE 
4027.6137 12 so } IIIA 4073.78.... 200 | 2 IVE 
4028.155T 40 so | III 4075.47.... J ae VE 
4030.881T 30 50 | Ill 4078.47.... 150 | 2 IVE 
BOSZQEL. ..:.% 2 34 IV 4078.705T.. 300 |< 200 I 
4033-493T...| 30 so | TH 4080.5347.. 15 30 ITA 
4034.05. 2 r | IV 4080.78... 4 ae ee bg 
4034.38. .... 2 4 IIA 4083.710f...| 30 | 50 | III 
4035.3006T. . 20 Go. | aa 4083.95 “f 2 |. er 5 
4030.842T... 15 40 IITA 4084.35 | 2 | r | IV 
4037.34.....} 200 2 IVE || 4084.71 4 | | VE 
BOR700.....1 25 I IVE | 4085.60.....| 200 | ce ee BL 
4038.28... 2 3 IV |} 4087.330T...| 2 | 8 | LIA 
4030.50... “> at Prec Vi eo ty | a ORO Mee ‘od 
4039.07... “oe eae VI 4087.8477...| 2 10 | IITA 
4042.50..... 2 2 IV || 4088.81 | 2 Roe! ef 
4042.77.. Py ees, VE | 4090.418f...| 40 ao) 
4043.712T 15 40 IIIA 4090.7477...| 2 3 | Ill 
4044.030T. 4 20 IIA || 4091.754T...| 4 8 | ITA 
4045.013T. 60 100 I || 4091.966T... 2 3 | Il 
pet Ce ta ee VE | 4092.718*f. 100 80? | I 
4045.862*f.. - 1 90 IT] || 4093-723T... | 15 30 | IIIA 
4040.84..... a | Seger VE | 4094.48..... | 36 1 | IVE 
4047.087T... 12 40 IITA || 4098.04...:. ee ee reer VE 
4047.81..... | Bo Reis vata VE | 40098.64.... 300 4 IV E 
4048.59..... | a WSS VE_ |} 4008.90..... 80 r | IVE 
4048.82.....| 4 8 IIIA || 4100.260f... 60 50 | J 
| 1} | 
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TABLE IIl—Continued 


























| INTENSITIES | | INTENSITIES 
d (1.A.) |} Cxass | d (1.A.) | CLASS 
| Arc | Fur | Arc Fur. 

4104:00....- | 8 | 3 | U2 4188.77t....| 2 | I IV 
BIOS TO <5: ae oe VE 4189.10T... | 2 | I IV 
4IOG:42......- | G Gi ctcaas VE 4190.16 | 6 | 10 III 
4109.493T.. .| 2 | 10 | IIIA 4190.779T...| 200 | 200 I 
4110.432T...| 6 |. .| VE 4191.06.....| 200 | 2 IVE 
4110.609T...| 20 |. | VE 4191.628T ve 125 | 100 I 
AIII.251f...| 2 | 3 | INA AIGA IAG. 5's" | Gr i ee VE 
ATIBAY c «55 [| €e -§ | VE SIQ7.O0 0.4) 1S eae VE 
A211. 94... «'- ee | VE 4197.08... | 80 | I IV E 
ALTAO Ass 6: 6 | 8 | Ti | 4200.28.. | 2 2 | IV 
APES GO 5 S Levseies | WE | 4202.49.....| a) ees | VE 
rot oy ae aN Pare | VE | 4204.839f...| 100 | ri VE 
4119.1990f... 6 | 4 II 4200.76.. | 2 3 | 
ABIOIGOP sc) FH Pee oe. VE 4208.064T .. .| 6G. | 6 | 
4121.05.... 2 | 2 | Il 4212.01.....| 200 | 2 | IVE 
4123.00... 2 an See eae VE 4214.97.....| 150 ? | IVE 
4123.40.. a | : | Iv 4216.49 a 2 2 IV 
4123.59. 2 | 4 IIA A2E71S. . | 100 | I | IVE 
£125.76... <.0«.] 4 | s | -By 4222.580f...| 2 4 IITA 
4127.37 | 2 1 IVA 4222.08 Ae ee | VE 
4127.68 a yeas VE 4224.22..... 4 | 10 IITA 
4129.2T 2 3 IV 4225.028f... 20 | 50 ITA 
4130.35.. | 300 3 VE 4225.156T... a ae | VE 
ALZL AS... ie es eee Vi | 4225.264T... ro > ta 
4132.28.....| 200 2 | IVE || 4225.846T. 300 | 300r | I 
4134.169T...| 100 100 | I || 4227.14.. 20 |.. VE 
AIS7O0..s0<t “SO tisens< VE | 4229.77 aa Oe VE 
4138.020f... | 2 5 IIIA || 4232.46 4 |: Ste VE 
ATAOAEOT 2.1 42> feseccess | VE | 4232.941T oo.) 3 IV 
4140.5677.. .| 2 | 3 II! 4235.03 aol | VE 
AIAT.OOs.5.. > | 2 .aok ee 4235.890T Be Pine eas VE 
4144.240T... | 6 | 8 | Il 4238.77 80 I VE 
4148.864*f..| 20 40 | ILA 4240.67..... 2 6 IITA 
4149-475T...| 8 io | III 42414.20..... 8 | VE 
AISO.OT....s ae Peas | VE 4243.85.. 15 a VE 
4I51.59.....| eh visas | VE 4245-3531 - 12 25 | IIA 
ALSSES, << . | Soe Ds dao | V EK 4240.52... BS as cows | VE 
rt Sa ae een Ce 4250.281} 4 10 | IIA 
4157-781f...| 15 50 | ILA 4251.76* 300 6 | IVE 
4158.460f... 2 2 | Il 4253.36.. 150 I IVE 
A6954-.... sh - GR esa | VE 4253.62.. $6 becictans VE 
4163.111*f..| 30 | 15 | I 4254.03 4 8 IIIA 
4167.157T...| Ge Pacis sch ee 4255-44..... MS ieee V 
AI67.2957...| 12 | 30 ITA rel” ee 4 er V 
GTIOEE? v5 61 a § VE 4200.123f...] 125 100 IT 
4171.72 8 | 8 II] at e ce sill 
4373.56... aN SRY tak 5 PRA Ts} 2 | \VE 
4575.8407;.. | 2000 :| tse 11 4266.234T... 2 4 | IIA 
4182.76 4 | 8 | IIA || 4266.601f...| 125 1oo | II 
4183.65fT....| 2 | 2 IV 4267.010T 80 80 | I 
4184.25.....| 300 | 3 | WE 4268.73. .... ae Pee | VE 
4188.00... 7 FO. tec Hh | VE 4270.26.....| 6 10 | III 


















































232 ARTHUR 5S. KING 
TABLE II—Continued 
INTENSITIES | INTENSITIES | 
d (1.A.) acer | «CLANS d (L.A.) ———S CLAss 
Arc Fur | Arc | Fur. 
= | Sor ee — 

4270.80..... 2 4 IITA } A330;50...... 2 2 IV 
Pk ae 4 8 IITA | £330.91 ..5< 2 2 IV 
4274.167f.. 40 60 II || 4337-504*f.. 15 20 III 
4278.20..... ee VE | 4340.25..... 2 2 IV 
4280.50..... 200 5 IV I | 4340.47*. 2 I IV 
4282.78..... a) ere VE err? * aa 2 2 IV 
4284.953T 4 8 TITA |] 4341.24..... 150 2 IVE 
4285.483T 2 5 IITA || 4342.18..... 300 3 IVE 
4285.822T. 100 40 If | BEAL FA «0 ss oe a eee VE 
4286.127T...}| 100 60 II || 4344-45..... 4 ae VE 
4289.91. oe Soe ee VE || 4 346.460T 400 250 I 
4.290.065 f 6 IO IT] | 4346.624T 200 50 I 
4292.76.....| nen inbred VE ! roo ae Pe eee eee VE 
4204.76 2 2 IV i @56a7%..... Ss 3 III 
4296.04..... 150 2 IVE || 4354.02..... rn ae ere VE 
4206.30..... a Sere VE i} .4357-60..... 2 8 IIIA 
4296.509T 2 3 IV | 4359.14 4 VE 
4296.90 6 15 IIA ||} 4350.61 Sy | eee VE 
AIVTES 0 33-3 RE Ree VE || 4360.12 2 3 IV 
4208.39..... 7 fa Nae VE || 4360.90..... 40 I IVI 
4299.301 T 80 40 III | 4364.33... 7 ig. | Nee nee VE 
4303.460..... eM ET cack VE | 4366.8%...... 2 5 IVA 
4304.90..... ee ereeye VI (a ae 2 I IV 
4300.348t 200 150 I || 4369.161f 20 20 Ili 
4308.24. ihe a ce VE i 130077... 5 80 3 IVE 
4308.392T 2 3 III || 4370.183T 30 50 III 
4309.295T 60 50 III | @37¢.01..... 2 I IV 
4309-93 2 IV | 4373-831f...| 300 150 I 
4310.95..... ed pene ee VE || 4374.24..... YE) Onenntteene VE 
4313.851t 200 200 I | 4374.986T... 4 4 IV 
4314.409T 80 60 III | 4370.083T... 8 20 IITA 
ATIOOS 5.6 <:s | 150 I a | ee 2 30 30 II] 
4310.2 eS oe iets VE | 4379-52..... 2 I IV 
4320.521T...| 80 60 Ill I 4380.63..... 7 See VE 
eee ae re VE | 4382.04..... ae eae VE 
4321.202T | 100 100 II He GSB 5c30.. «6 ce a ea ee VE 

; 4322.012T 2 5 IIIA 4386.28 ....... 6 3 IV 

' 4322.18.. 20 I IVE MATES a5 6 3 IV 

; 4323.60. 4 3 IV 4387.62 ....] 100 2 IV I 

) 4324.04..... | 20 1 | IVE 4388.90..... “> Bre VE 

i PC Mer: Remeere: VE 4389.893T... 30 20 III 

j PAE COST. | BO [eons ee VI 4390.003T... 10 ? ? 

; 4325.691f... | 200 200 I ll #4300.05..... 80 I IV } 

j 4326.29..... ies kare VI | AAQTAS..... tie) | are VE 

4327.106*f 250 200 I | 4391.6527... 2 2 I\ 

; 4328.943T 12 25 IA | 4392.003f...| 100 50 III 
4329.585T 60 50 II] Ae oS | 2 I IV 
459029... ae) ee eee VE |} 4394-71..... 4 venel ee 
€290:68.....5. 100 2 IVE || 4307-388T... 2 3 IV 
4331-3857 40 40 IIt | 4397-50*.... BO Where eh sia VE 
eC ae 6 4 III | -QMOOET «<0 ee ae te VE 
433527><.% | ae eee | VE I 4400.705T... 15 20 Ill 











4401. 
4403. 
4403. 
4400. 


4497- 
4408.2 


4409. 


4411. 


4414. 





7451... 








NOn OF NN 


HoHNHNKS 


nS) 
noo 


90 
° 








TABLE II- 


CLASS 


ITT 


SPECTRA OF RARE EARTHS 


Continued 

d (1.A.) 
4465.78. wee 
4400.5471 
4466.604F f°” 
4467.088f... 
pV sy iy ee 
4468.18 
4479-45 
4471.28 
4473-282T 
4474.131f. 
4475.05.... 
4470.1447... 
4478.79 2s 
4479-8341... 
4481.00.. 
4483.32 
4454.49. . 
4454.7107... 
4485.484f... 
4450.34 see 
4486.908f. . 
4488.44.... 
4488.57 
4489.77 
44901.27..... 
4404.03... 
4404.84 
4490.01... 
4497-1331 


4497-33 
4497-55 
4406.20..... 
4499.89.... 
4500.05.... 
4500.89..... 
4501.49..... 
4502.30..... 
SERED. os 
4503.803f... 
4504.90..... 
4500.226T... 
4506.337T... 
4506.933T... 
4507.0057.. 
4507.00.... 
4508.03 “ 
4508.986T... 
4509.070T... 
4510.38"... 
4512.43.... 
4513.80.... 
4514.504T. 





INTENSITIES 


Arc 


300 
80 


we 
Cf HH WH CON UM Wb CO 


OA 
20 0 


6 


CnN NN N 


to 
a0 
Cod 


= = 
OoOnn ff 


> 
Of Nh 














- CLASS 
Fur. 
12 IITA 
Eg VE 
\15 Ill 
40 III 
BA 5 rose VE 
Wid ede VE 
I IV 
I VE 
40 IIA 
40 Il 
2 IV 
150 I 
I IV E 
ee III 
2 IVE 
I IVE 
Es irae VE 
15 Ill 
30 ITA 
Saeed VE 
100 II 
ROR oP VE 
2 III 
3 III 
6 Ill 
2 IV 
cr heres VE 
12 III © 
100 I 
15 Ill 
I IV 
I IV E 
6 IIIA 
ee ee VE 
ba rales VE 
2 IV 
4 IIA 
5 III 
30 ILA 
10 IIA 
125 I 
I IVE 
ar ee VE 
8 HIA 
10 Ill 
I IV 
8 III 
VE 
sa eta VE 
5 IIA 
8 IIIA 
Se eeee VE 





4516.980f... 


4517.0757...| 


4556.90... 
4519.661f... 
4520.0697... 
4520.77..... 
4521,201T .... 
4521.919f... 
4522.43.... 


82* 


_ 
Wn 
iS) 
to 


848f.. 
a 
Beak Sh 
ee 


-I2 


maunn 


WWWWWW HD ND ND 
nt SW 


DEQ ne 
+ 


“s 
ee 
to 
12) 

=f 





INTENSITIES 


Arc Fur 
10 6 
gh Sper es 
2 6 
200 | 150 
1 ie Soe 
2 4 
“Se cece 
| 
tag | Seer ee 
2 2 
. 20 
80 5 
es eee 
ms) as 
We Esa sce aN 
ras 
2 | 4 
6 12 
IO 15 
0 | 5 
2 | ? 
a ae 
200 | 150 
2 | 2 
| 
a Dae 
2 | I 
sac) | «600 
8 | 15 
a | 4 
8 | 20 
aoe 3 
80 50 
2 18) 
I 3 
oe Ae 
i 
2 Piviitwes 
6 ee 
4o | I 
oe 
8 6 
ae sl earn we 
2 I 
4 | 5 
> | 
2 | 4 
2 | eh 
8 | 25 
2 | 0) 
40 | 80 
60 =| 60 
60 | 40 
| 
RG, SALE 
100 100 
2 0 
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TABLE IIl—Continued 





d (1.A.) 


4582.49..... 
4583.083T... 
4583-37...-. 
4564:27..... 


4505-10... 


BEBO OF 55560. 
4580.97.... 

PS oy 2 
4589.54...-. 
4500:00..... 


4594.28..... 


45952 7----- 
4596.98.... 
4597-91"... 
4598.8977T... 
4001.03.... 
4602.9327.. 
4606.00.. 


4000.04... .. 


4608.00..... 
4608.5837 . 

4011.04.... 
4011.00.... 


4614.498f.. .| 
BOTQ.L4 5500] 


4622.187f... 
4622.3111.. 


4624.427T...| 
4027.02 ...:' .| 


4030.50..... 
4636.640T.. 
4037.27... 
4638.61 


4638.98.....| 


4640.04..... 
4640.543T... 
ARAL IID.. 55's. 


4054.905..... 


4658.60.... 


4659.84.....| 


4004.24..... 


4000.45.....| 


4668.23*... 
4670.84*.... 


INTENSITIES 


NO 


| 








Fur. 


_ 


on hn 


4 


4 
8o 





CLASS 


VE 
II] 


IIA 
IV 
[V 
III 


IVA 
IV 
IV 
III 
IVE 
IVE 
II] 
IVE 
II 
IV 
VE 
VE 
TILA 
IV 
IV 
IT] 
Ill 
IIIA 
IT] 
IITA 
VE 
II] 
II] 
IITA 
IV 
VE 
III 
III A 
IV 
III 
VE 
II 
III 
Ii 
II] 
III 
TIA 
VE 
ITA 
IIIA 
VE 
VE 
IV ? 





ee 











3934 
3945 
3904 
3905 
3979 


4008 


4045. 


4050 


4092. 


4148 
4103 
4170 
4251 
4262 


4597 
4068. 
4070. 


799° 


.548 
-97 
.03 
.340 


gol 

862 
373 
718 
804 








SPECTRA OF RARE EARTHS 


TABLE II—Continued 





| INTENSITIES | INTENSITIES | 
a | Crass d (LA.) a | CLass 
Arc | Fur | | Arc | Fur. 
a eS aes | VE 4679.16.....| 40 | 10 | II 
ee 6 | 30 | ITA 4680.04.... : 40 | 20 | II 
| 6 | 3? | 4680.62.... | 4 3 III 


NOTES TO TABLE II 


Double, red component is Gd 1; \ for neutral line in furnace 
May be double 


> Not fully resolved 


Double 

Blend 77 in furnace 

Blend Fe in arc; measured in furnace without Fe 
Faint Gd 1 to violet 

Furnace line partly V; \ measured in arc 

Faint neutral line on violet side 

Strong in spark, indicating blend with Gd 11 line; arc line measures 4163.084 
Probably double 

May be blend with Gd 1 

Close blend; violet component is Gd 1 

Double 

Close doublet in arc; red component is Gd 
Strong in spark; probably blend Gd 

Probably blend Gd 1 

Faint Gd 1 line to violet 

Blend V in furnace 

Blend V in furnace 

Double; red component is Gd 1 

Furnace line may be partly V 

Blend V in furnace 

Double 

Close blend Gd 1 and Gd 1; furnace line measured A 4522 .795 
Furnace line chiefly 77 

Arc line probably double 

Probably blend Gd 1 and Gd 1 

Furnace line in carbon band 

May be double 
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TABLE III 


TEMPERATURE CLASSIFICATION OF TERBIUM LINES 


INTENSITIES 


236 
d (1.A.) 

Arc 
3837-18 5 
3841.77 5 
3842.49 40 
3845.61 10 
3847.88* 8 
a 100 
3849.59 + 
3851.80 5 
3854.04 * 2 
3855-38 10 
3855.58" 10 
ae 6 
3868.90..... 4 
3800.75.. 15 
3872.10*. 2 
3873.00 10 
3873-78... 8 
3874.18 200 
3874-73" 5 
3875.21 20 
3870.13 8 
3876.47" 3 
3876.67 8 
3877.560*. 6 
3878.21* 10 
3879.99*.. 4 
3880.35*.. 4 
3881.29*.. 8 
Se | 4 
SED<c,137.... 8 
3880.01 : 3 
3886.70T . . 3 
3886.83 20 
3887.29T 2 
3887.49 4 
3887.07... 25 
3887.88T 10 
3888.21 30 
3889.85 10 
3890.95 5 
3891.76 2 
3803-35.--- 15 
3893-70 5 
3894-63 20 
3895.0057.. 4 
3895-37067. . 3 
3895-4787 . I 
3895-.960T .. . | 3 
3590.04 25 
3896.488T 4 

25 


3806.60. . 


Fur. 


i) 
maMnnnot 


INTENSITIES 


CLAss, 


No. Comps. d (1.A.) — 
Arc | Fur. 
IT] $807.28 ...5. 4 5 
VE, 4 2807.20... <; 4 Ribs 
VE, 6 3897.852T , 3 
VE, 4 3897.925T {°° TS 6 
III ? 3808.734T .. 4 6 
IV E, 6 3809.19.... 200 | 6 
II] 38090.54.... rs | 
VE 3900.40 2 
III ? 3900.7 2 4 ‘ 
I] 3901.35 50 50 
VE, 4 3901.60 aa} Gu 
ITI 3901.98 15 
VE | 3902.35 10 
VE, 3 3903.11 3 5 
VP 3904.186F a] 6 
IT] 3904.65... I 
VE 3905.61. 10 8 
IV E, 6 3905.83 2 5 
IIT ?, 2 3900.53 4 
VE, 4 3907.05 3 
ITT 3907-79 3 
III ? 3907.91 2T 5 10 
ITI 3908.0767F . 20 30 
Ba 3908.66 4 I 
VE? 3909.1507 .. ms | i2 
ITI ? 3000.54... . 15 5 
III ? 3910.13 4 
III ? 3910.40 5 5 
VE? 3910.57 2 
III 3910.85 = 8 
VE 3912.25 5 10 
Ill | 3912.78 5 
4 ( 
ri 3913-45 8 3 
VE 3913-79". 2 I 
VE, 4 3014.59 5 8 
IT] 3914.73. 2 2 
III, 3 3915-45-.-. 30 100 
VE, 3 3916.64 4 8 
III 3916.94.... 4 4 
il 4659.22... <~| 6 | 6 
VE | 2678:82.....1 S lex 
III 3919.00.....| 6 | 8 
IT 3919-54--.--| 40 | I 
IT] H.  S6SG9e ee cck BO. [odes 
III | 30920.962T.. a 4 
IIA 3921.264T...| 4 8 
| III 3921.76.....| a | 4 
VE 3922.09..... 20 | 
IITA 4042.74... | 50 | 
VE, 2 COS. are 6 


CLAss, 


No. Comes. 


IT] 
V E, 2 
IT] 
Ill 
Ill 
ry E..3 
VE 
VE 


Ill 
III A 
VE 
II] 

Ill 

II 

III 

IIT 

ELL A, 2 
LILA 
Il] 

Il] 
VE 
III 

iV E, 3 
IIA 
IIIA 
M1, 2 


VE 
VE 








ee 
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TABLE Il[—Continued 


























INTENSITIES } : INTENSITIES 3 
d (LA.) [ vl “| No. Cote A (LA No feane: 
| Are Fur. | Arc Fur. 

3024.:40..... | ee are |VE 3957-308f...| 12 | 20 | II 
3024.81..... | aa | ane | VE | ZORTOR ot Agee coins VE, 4 
OY ae | 150 |....... | VE, 3 3958.35 4 G05 (beececss | VE, 6 
3926.09.... .| — ioc x | VE |} 3958.62.....| Ss. | 2 | EE 
3027-15.....| 4 |..-.-..| VE,g || go6as0.... Ai: oof 
3927-35-----| 2 I IT] | 3960.308T.. .| 5 | 10 | INA 
3928.99.... 4 5 III | 30960.69.....| SI 8 | Ill 
3920-42... | 2 2 | Ill | 30962.634f... 1 | rs | III 
4690.75:.-...| 5 2 III | 3965.120f...| 15 | 10 | III 
4920.60...+. >| fe) 12 III | “306R08......) fol areiricne | VE 
3020.70... | a oe | VE,4 3966.2837.. "en 8 | III 
3932.306T .. 12 20 | Ill | 3967.21 sae, ~ Ss | : pies 
aatat,....| 3 3 III | 30676997...) 20 | io | Ill 
3933-4097. . .| 6 s | EE || 3969.90... | . | 6 | Ill 
3033-9051... | 4 5 | Ill | 307G3O..6.) 3@ fesexes. | VE,4 
3934-40... | 10 4 III || 3971-790T...| 30 | 20 | III 
3035-25 | 50 I VE. 3 } 3ogae@s.....1 20 [i-cn0P Be 
LOS | 5 5 III it 3Opa@a:.< | yO Dek | VE 
39037-0367... 15 20 | III | 3074.30 | 45 eee 
3038.04..... 4 8 IITA | 3974.70.. | m2 | ‘1 1a 
SH28.56;..... : Bie Peso VE | 3976.86 | 250 , oe IV E, 6 
3939.60.....] 200 4 IVE,6 || 3977.760T =} s | TA 
3940.10..... aN Seer Lee VE | 3980.28... S  Weewsea ee 
4OAT IO... a Paar ae VE | 3981.15 A) aw ~~ 3) ieee 
a) Meh aes VE | 3981.92 &: Glue | VE,4 
4040:20; >... ae a oe VE HY -4084.86.0.03.f. 35 . | VE 
3042.04..... 6 10 | Ill | 3084.04.....) gs |....... | VE 
3943-66..... 8 15? | TIA | 30984.84.. 6 ..|VE 
3944.20..... 6 4 Il ee 5 io «f ee 
3046.87..... 150 3 IVE, 4 |] SSO... 5 5 III 
CY. 5 3 II | 3086.34.... fae) OREN ee | VE 
Ce A 5 re 2 I III | 3986.940f... 3 8 | TIA 
3065.35... yan ete VE, 2- |] 3087.60..... & | 20 IITA 
3949-30..... 4 I Ill || 3989.50... 6 | 20 ITI . 
AOAD. EE... 5. a Sees ee VE | 3990.22.... 4 4 Ill 
SQM ERci scat Be Pdsawatex VE | 3990.63.... 25 12 Ill, 2 
3950.1471... 15 15 II i » 4 3 III 
3950.445¢ 10 | II || 399T-59.--.- 4 | 5 | I 
3950.76. re) ere VE lt .$009:40:.. <3. ay ere ger VE 
poe ty: i eee VE | 2003.662..... 10 Ill 
3951.880f... 8 15 IITA 2008.18... | 8 | 4s IITA 
3952.047T... 8 6 Ill | 3995.80.....] al Oe eee VE, 2 
3952.60..... 2 1 | Ill,2 3990.68... . .| ee |VE 
Ce: 2 3 Il | 3098.41.....] fae Ree VE 
3954.0407... 10 6 Ill | 3998.8877.. .| 5 | 20.) TA 
4064.13] «: » 5 ITI 3999.41. \ 76a. Bd.ehen VE 
3064:53<0.03: I 2 IIA =|} 4000.01... ee Oa Beer fe 
2064,97..... Spe vice VE 4oor.279f...} 15 | 20 | III 
2QREOS ). . 5. 2 2 | Ill | 4002.20..... |} 50 |j....... VE,6 
3955-05..... 3 2 III | 4002.60..... } 100 | 2 IV E, 4 
2055.80... .. 2 I Rees 2° Hl AGGRO > BE Race As VE 
4050.16...°.:. 8 | VE ae eee ee ee eee | VE 
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Ss 
ALA) | aa No. Cosars, 
| Ave | Sere | 1 

4004.52.....| fie) Peewee | VE 
4004.6187.. . | 5 8 | III 
4005.55..... | 200 4 | IVE,4 
4005.97.....| es eee | VE 
4007.73..... | 2 | 5 | IIIA 
4009.193f...| 10 | 10 | III 
4000.54..... a, Sera | VE 
4010.0647... sas i ss 18 
4010.644f.. .| 2 | 3 | III 
4010.741f...| 6 8 | II 
4010.869T... 8 | ro. {ai 
BOEIAG .....<.. OM eee vie | VE 
AOESSE.....] 40° | r | WVE,4 
AOTG.296"°T..1 2s | 20°} E 
WONG 6:5 th WES tes soon VE, 6 
4015.625,...| 4 | ro | ZEA 
4015.94.....| "2 ad Eee | VE, 3 
4016.04..... Bn Toate ee | VE 
riot) “tan eee VE, 6 
4016.86.....| 4 | 4 | Ill, 2 
AOr7.8s.......| 4 | eet ee 
4018.48..... 8 s | ee 
4019.14..... 20 oo eee 
ric 7 ces Vn - i ee Ae VE 
4020.7347...| 4 | 6 | Ill 
4027; 13..-.. MON Tots arse i VE, 2 
4022.870f...| 10 | 12 | III 
4023.716f.. .| io | 20 IIIA 
AO2A.10..... 30 «| sacl Vie O 
4024.7037...| 5 | 10 IITA 
4024.781f...| 10 | 15 II 
4025.146T...| 4 .|\ x0 IITA 
pee ee oa oa eer VE, 3 
4026.39.....| 3 | r | Ill 
4028.28..... a SS Fees | VE 
4028.59..... 6 | 6 i It 
4090.25... ... 2 | s | BA 
aOst.65.... OS | VE,4 
4032.282f...| 60 | 4o | Il 
4032.625T...| 8 20 | IIIA 
4032.7057.. | s i ss | EIA 
4033.05..... | 200 | 6 | IVE,4 
HOsgeaIOT...:| 12 | oO | TE 
4036.45.....| i aes | VE 
4038.864f...| 10 | 15 | III 
4039.20..... Ee, eae | VE 
4039.482f...| 10 15 | Ill 
4039-7247... I 3 | IA 
4040.1007... 6 1o | III 
AOGG AZ. 6. «| at SR | VE, 2 
4040.6777...| 4. <0 | IIA 


4040.938f.. 





4041.5371... 


1 


d (1.A.) 


4041.846T... 
4042.39... 

4045-35----- 
AOEF.TO.. 5 


4048.80..... 


AOET.62~%...:: 
AOSI.O7. «5+. 
AGGZAS. . 20: 
BOGOF 5 5 
4953-35----- 
AO54.03..... 
4054.14..... 
4955-34----- 
AGEO.IO™ »......< 
AO5700..... 
AOSOAT«.... 
4000.39..... 
4060.86..... 
AQGL. 5D... ss. 
PV. eS: 
4002.80... .;. 
4003.95..... 
MOOOLEE «6.5.0 
4007.35.... 

4009.30..... 
4070.13... 

4070.58..... 
MAFOIFO:. 5. 95. 
AGFEAT 35 
MOTE AS. «5 3 - 
MF IITE 4.003. | 
AOFIOD «0:5 0 | 
40745109... 


4O75.22...05: 


AOTEOO 6.2: 
4079-15....-- 
40B1.24.:... | 
lk 
4652.70.25... 
4063.70:.....] 
4084.25.....| 
4084.83..... 
4086.60..... 
4088.65..... 


4089.34..... 


4089.50..... | 
4090.14.....| 
400L.427....-..| 





60 


? 











| 





oo 





mae DH eH 
CoMmomy 


UW 


CLAss, 
No. Come 


| IIT: 


re 


III ¢ 
VE 
III : 
III . 
Ill 
III 
VE, 
VE 


rrr YS 


nN 


— 
— 
i 

w Pp ~ 


»S 








os 
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TABLE IlI—Continued 











| INTENSITIES ; 
TS meee mane 
| Are Fur. 

4001.42T.. 4 4 III 
AOO2s10..5.+ 20 60 ITA 
pie it ey re 2 I Ill 
AOO4.O5. «06 «| 8 8 III 

f | cee VE,3 
4004.45..... ar oo. |HA 
4095-93...-. 10 10 III 
4096.38..... 2 2 III 
4097-44... BO wnicn cee VE 
4098.85 .. i ee ordic's VE 
400015. ..< 5] Pa) eee VE 
40990-47..... Sie WE sakes VE, 4 
4100.94... 8 8 III 
4101.65.. 15 20 III, 3 
4102.54.. “Lh eee ae VE,3 
4103.21T | 5 8 II] 
OZ29 Ts. s| 2S 15 III 
4103.49T 6 IO III 
AIOROF 5 0s GOP ho ose VE, 3 
BIOS 5 i-0 | as 50 ITA 
4306.45:.. 4 6 III 
AIO TTT cea | 4 8 IIA 
4108.40. 3 6 | IIA 
4109.08. I I III 
ATIONODi«:«. 2 6 IITA 
AT10.80)...<.... 4 4 III 
4III.00.....| 2 2 | Il 
A212. $4... 30 40 III 
4112.88.....] 15 20 Ill 
AREATS 30s |} 20 |....... VE, 6 
Piet Are Me Dog > ere VE, 6 
AETF4Es.2.%| 15 III 
4118.426f.. .| 8 12 III 
4119.987T...| 20 30 II 
4120.437. | 4 6 IITA 
4120.51 ae Ca Cee VE 
AIZEOA. 6 «| 5 12 Ill A, 2 
4122.49..... 8 10 III 
AI23.8O0>.6.. ae eee VE, 2 
AIZATE ce. | 2 3 Il 
4125.25. of . Bie eve. 25); VE, 6 
Pe | 4 2 Ii 
4126.72. -| IO 8 III 
4126.93....- 4 3 ITI 
wan] {| 8a 
re. 5) ae 3 2 Ill 
4120.40..... 3 I III 
4130.15.....| 20 25 | III 
HISTIES se: | 8 4 Ill 
APART. oc 6 15 IIIA 
4132.84.. 8 8 III 


d (1.A.) 


Pot ee 
4135-37----+| 
ABSOBG o 5 
AIZO OG. 6 50 
4139-35.....| 
4330-78.....| 
4140.75 
4141.5: 
py. | are 
GIRS TB 5.055% 
4143-51T.... 
4143.037.... 
4144.47...-. 
4140.9If... 
4149.10.. ; 
ALSOOT 6555 ; 
Psy Cae 
4153-49..... 
ALSSEBAw cs < 
4354.06.05 
4155-40.:...... 
ri. ee 
Pt ae 
ARSGGA. 6 
ASSOAIO. «wc 5 
4IGO.0F os: 
4101.35.... 
4102.00..... 
phil ¢ 
4109.1II.... 
4109.30.... 


mY 


4100.900..... 
4570-40. 054% 
4E71T OB... ss 
MSFT AG 56 3 


yy A ee 
&E92,53. oss: 
4173-44..-. 

QETFEOG 0% 
ALFS.BO.... <.. 
BIOS 50s 
4180.40.... 

4180.88..... 
4184.66..... 
BIGEAB. 5:6 0c 
4185.89..... 
4IGO9K:. «0.5 « 
4187.16...... 
4156.32... 
2 ee 
AIBG. 3G. «2: 
4190.43..... 





INTENSITIES 





CLAss, 


| No. Comps. 








Arc Fur. | 

2] 4 | INA 
20 | zo | EE 

41 3 toe 
to | go | TA 

3 | re | a¥ 
20 60 | IIA 
ay Aer eee VE, 4 
30 60 IITA 

6 12 | IITA 

8 | 12 Il 
40 | 40 II 

20 | 20 | HE 
100 | 6 | IVE,4 
15 | 4o | IIIA 

Oe ti ees VE 

4 | 1o | IIA 

SI 1 | IIA 

5 r | Ill 

3 2 | Ill 

5 5 | ul 

4 6 III 

8 5 | III, 2 

Oi (bs eeaten VE 
30 50 II 

a 2 Ill 

I 2 IITA 

5 8 lil 

e 2 III 

4 8 IIA 
10 5 III 
20 30 IIT 

6 10 III 
10 25 IIIA 
20 5 Il 
12 5 III 
15 2 III 
ite) 50 IITA 
10 2 Ill 

4 15 IITA 

8 15 IIIA 
15 Pe eo” 
10 40 IITA 
15 2 ITI, 3 

2 4 IITA 

2 I Ill 

5 15 IITA 
15 IO III 
25 60 | ILA, 2 
15 40 | IIIA 

SB fiaesaea VE 

3 15 IITA 

2 3 III 

















INTENSITIES 





d (1.A.) 


4191.00..... | 
4103-34... 
4194.02. 
4190.74 

4198.45.. 
41098.90T. 
4199.07T....| 


4201.00*. 


4203.74...;.. 
4200.49.....| 
4207.54... «+ 
4208.70.....| 
429U.13.... | 
4213.50.. | 

| 


4214.42 cet 
4210.09.... 

S271G.O% ..... 
ASTG.I0 ..... 





| 
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Cass, | 
| No. Comps. 
Arc Fur. | | 
20 | 15 | II | 
5 | 1 | WIA | 
5 s | I 
15 | 25 | III 
s.-1. £5. PEA 
5 | ro | IIA | 
3 | ro | TEA | |] 
a a oe 
3 | . {WE | 
40 | 60 | I] 
25 | 20 | II 
8 20 IITA 
5 5 | Il | 
3 5 | Il | 
‘20 50 | HIA | 
30 yk A a 
15 re | 
2 8 iA: 
8 15 BrA «| 
20 30 IITA | 
«al Pee Vea 
15 io | Il | 
12 Py bee > | 
25 30 II 
Pe eae VE,2 || 
| Sr ne VE, 6r_ || 
4 6 Iil,2 | 
5 20 Ill 
20 40 | Ill | 
80 bicelles 
25 | 20 | Ill | 
30 60 III A, 2 
15 40 | IIA | 
8 30 IIIA | 
ae Cee: VE, 60 || 
a) ¢ (2a | 
at tae VE I] 
10 20 IIIA 
20 60 III A 
Pre Paneer: VE 
15 15 III 
5 12 IIIA 
4 12 IITA 
25 80 TIT A, 2 
8 20 IITA 
30 60 IIIA 
5 20 | IIIA || 
6 10 III | 
6 | 15 IIIA || 
rmo1 #6 IITA 
6 | 20 | INIA 
6 | 20 | IIIA, 2 


TABLE IlI—Continued 


d (1.A.) 


Py) er 
AMO SE . 65s 
Py nc: re 
PRIS a he 
a 
40T oi fs 
S 7) Cee 
75-++5: 
| oor 
54... 

a 
bee 


74--+-- 
) 


DAAnUw O 
“I 
Sy 


oom 


Y NN HNN ND 


_ 


CmoOnmonwm ony NN 
nnn 


“sw 


i ae 


Oo Co 
mo 
wn 
oO 


a 
iS) 
a 

Wwe 


NNNHNHN DH NS NH NY WN WNW O 


FSHHHPHHPHHHphpeeapeEL 


= 
\O 
Ww 

= 
> 


Ce ee 


| INTENSITIES 





CLASs, 
No. Comps. 

















| Arc | Fur. | 
50 80 | 
6 30 | 
25 4° | 
4] 
a; ere | 
20 20 (| 
5 8 | 
Pee 
Be Bes last areed 
6 8 
a Se 
4 6 
BE hes ced 
(S| See Sareea 
ee Gio one 
8 15 
oi | eee 
20 40 
2 4 
6 8 
| Rae 
15 30 
10 4 
30 60 
15 15 
12 fe) 
10 8 
4 3: 
15 80? 
BO Wa vscals sane 
20 30 
3 a 
a A 
5 10 
15 20 
a eee ae 
15 20 
10 12 
6 8 
200 200 
12 30 
+ K 
50 50 
15 15 
a ee ee 
8 20 
10 60 
60 4 
200 200 
I A 
Io 
| 
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TABLE III—Continued 

















| INTENSITIES c INTENSITIES c e 
d (L.A.) 7 . No. Coats, d (LA.) ar arin. 7 a oe No. conn 
Arc | Fur. Arc Fur. | 
Read ae il 5 III 4384.06..... a Oe 
8 | 5 III 4385.69 12 10 III 
ae 8 4 Ill, 2 4386.09..... a er at 
2 10 TIA 4387.43.... eT 5 | WIA 
| 3 12 IITA 4388:25..... 15 | 20 | Il 
| go 50 IIT 4389.04. . EE ey VE, 2 
eae 8 20 IITA 4380.94. . 4 | 2 III 
<<)  )) ok Pa |} 4390.93 * 25 | 30 | III, 2 
acm! S Pao, ee 4392.23.. 8 8 | Ill 
= | 8 |il,2 || 4302.06 3 | 2 | I2 
60 | 80 II 4394.04.. gi | TILA 
| 40 | 5° III 4304-92 ee VE 
| 150 150 I 4396.58 oo 8 IT] 
; 8 15 III A, 2 4398.61 2 | 4 IIA 
| 4 5 II] | 4400.52*. 2 | 2°) Tike? 
..| 100 150 I 4401.54 ie PE VE, 2 
a 15 IT 4403.20.. 0 | 46 III 
Gites sch . BO. Pore paell Wee 4405.41 Bet tar | VE,4 
526*t..| 8? 8 | I | 4409.51 20 |. | VE, 6 
soe’? .. 20 20 III | 4411.93 2 3 III, 2 
I 2 IITA | 4412.83.. 2 I III 
3 , III, 2 4413.63 al 4 6 III 
Ce are ree VE,2 || 4416.28.. 20 iscial Oee 
Se olde’ ure | 4420.19.. 15 100 IIA 
8 8 III | 4423.11 40 200 ITA 
6 10 II 4427.391T... 4 12 IITA 
SB f..sesecf VE fl 460849 2 4 IITA - 
Ee Ae eae VE,4 |] 4430-33.... ‘| 2 ree 
20 20 Ill 4430.740T... 3 6 IITA 
100 100 I 4432.164T | 3 6 IIIA 
10 30 | IITA || 4432.722t...| 12 4o | ILA 
3 2 III | 4434.48.... | 10 ciecch Wee 
20 30 III arr See 20 100 ?| IITA 
3 6 | TIA |] 4437.65f....| 2 2 | Il 
5 10 IIA | 4438.98.....] 3G [oieescat VE 
r | I Ill | 4439.30T....| § 10 Ill 
, Oe eee VE | 4441.27.... | iy Pe ee VE, 4 
25 2 IIT 4441.49..... 5 8 III 
4 I Il | 4448.04..... 30 20 IIT, 4 
3 Ree i) oe | 4440.23..... a 10 IIIA 
20 50 ITA | ASAOLET... 5 8 4 IV, 4 
{are 2 rs J ul A400-71...... S bs ocdee. eee 
Bek ». Bate ee | 44§1.03.... 12 15 III 
7 teed reer VE 4452.82.... 30 15 III, 6 
4 10 IITA || 4458.45.... Pn cuvee es VE 
2 10 IIT A, 2 |} 44509.38..... a VE 
Race ate 3 2 Ill | 4461.23 e 8 4 | Ill,4 
3 Jesse. VE || 4462.18... a ee 
C | ree V E, 2 4465.69..... 2 6 IIA 
oe oe oe VE,4 || 4467.69.. 10 50° IITA 
8 25 IITA it 4600:84.<.%. 8 30 IITA 
ee 20 | 40 IIT A, 2 || 4469.68..... S. few. cece wee 




















ae RTe_ass.nceeensentens 
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TABLE aE—-Continned 
| INTENSITIES INTENSITIES ’ 
d (L.A.) | INo- Cam >S, | (L.A.) | No. Coors. 
Arc Fur | Arc Fur 

rv 1 ee | ah eer e |VE 1 4541.24..... I 4 | IIIA 
4472.84... | a eee | VE | 4542.4*f Fae an ree | VE, 4 
4473.07..... 4 | 20 | IIIA | 4544.233T I 3 | IVA 
4476.429T...| 21 20 | SEA 4547-082... I 6 | IITA 
4480.04..... 2 peer VE A5ADO7.. ....- 10 6 | EV,.4 
4481.03..... BO) Ml isc wee VE 4549-138"... 5 ro «6| DEA 
BABSOF 50.00 2) 0 IIIA 4549.70..... Ve, eee ee | VE, 4 
4488.16.....| 12 | 100 ET A, :2 4550.450 12 40 | WIA, 2 
4489.76.....| ay Meat: VE 4656.42 «..- 20 4 | Ill,4 
4490.63..... | a eee VE,4 || 4556.92..... lan ea | VE, 4 
4491.02.....| 10 20 | IIIA || 4556.962*f.. 5 20 IIIA 
4401.98... | 2 2 IIT, 4 4557-2301... 4 10 IITA 
4493.07..... | 100 200 ITA rl. i Reach craiver s VE 
4495.03.....| Balt PSR Ab es VE, 2 4557-6351 6 tro || I 
4490.93.....| I I III 4560.775T 3 20 | IIIA 
4498.90..... Sir Wt VE 4602.26. ..5% oie Seok VE, 2 
44090-47..... 2 r | Ill |} 4563.68..... ey SpeRans VE, 2 
4S05:20....... "Ser eae VE || 4564.83..... fe, Cena cee VE, 2 
BEOTII3. . 6 2: 3 15 IIIA | £56798 000s. ae eee VE, 6 
AGO468.... | res eager ae VE | 4568.523T 6 8 i i 
4504.59..... | 3 S$ (aA {| es60.90......; 7 oa ae ee VE, 2 
4507.97..... 2 4 | IIA 4571-42..... “a See ee VE 
4508.67.....| I 2 | IITA || 4571.83..... 2 2 | Ill 
AEOO.03 <5 ss ee: i eaten barr VE, | 4573-38..... I eee VE 
eerie? | 20 20 | III,4 4573-8051... 4 8 | IIIA 
4539.07 ...... Bite nora VE, 2 457643. .... ED Retrece Wr VE 
4513-030. . .| I 8 IIA AS73002... « ile) See eee | VE, 4 
4514.308f.. .| Bi Sven VE 4581.42..... 12 40 | IIA 
4515.87..... “Se eer VE,4 4582.57..... SRR |VE 
4516.145T I 3 IITA 4554.62..... See ee | VE 
4516.5321. . I 12 IITA 4587.710f... 6 8 | III,4 
4518.2147...| 2 I Il Ht  @6600.50...... Bi Wie eiteen VE 
4520:09..... | RRs ae VE BEOD-AT. << 4 3 III, 2 
4521.830T... 2 3 Ill | 4503-0441... 2 10 IITA 
4524.1337...| 3 I IV 4599.607T... 2 15 III A, 2 
4524.3331-..| 4 15 | IIIA || 4600.162t...| 6 15 | Ill A 
4524.00. .... SD Aree LO VE,4 || 4604.08..... A Te ae VE 
4525-9406... | 2 6 IIIA | #@02i.02..... 2 | s | HRA, 2 
4526.440T.. .| I 3 IIIA | 4017.27..... 3 a {ee 
4527.180f.. .| I 5 IIIA || 4620.88..... 2 I III 
4528.323}... I 4 | IIIA || 4621.97..... I 3. | IITA 
4530.658T.. .| 2 8 | IILA,2 || 4626.32..... | yo Seep VE,4 
a Gates oe oar eS a ae ae ee eee VE 
4532-9207... .| 2 8 IITA 4627.52... 2 I III 
4634.33...... | 5 1 | Ill 4631.038T... 2 8 | IIIA 
4534-290T.. . | I 3 IIA 4032.02..... 8 10 III, 4 
4530.93..... re VE,4 || 4636.61..... 8 10 III, 4 
A4537.25..... 8 20 | IIIA || 4637.00..... “a ere | VE, 2 
4637.43..... 8 10 | Ill || 4638.516f.. .| 4 8 | IMA 
AetG.74;...... Sa Paneer emer VE |} 4640.98..... A aie Re VE 
4540.23... | Oh ee VE | AGATO7. «.. « ey RDN VE, 2 
4540.58..... | he Ee ix tstalgis VE,4 ! 4045.26* 50 | aera V E, or 








ee 





— 














ao 


Per <r 
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TABLE I]I—Continued 














= Sons 
INTENSITIES | | INTENSITIES 
/ CLass, | : ee 
d (LA.) | No. Comps. | d (LA | 
Arc Fur. Arc Fur. 
4648.30..... 2 | I III i 4G63.07-....5: | 3 4 
AOES-O7 . «os ae) Epa VE |} 4662.78.....| 10 30 
AOS3.E8...... = | 5 IITA |} 4676.86.....] 10 | 40 
AOS6.3S). ..<.. 4 | Io III A, 4 || | 


A 
3847 .88) 

t 
3881.7 
3913-7 
4013.2 
4201 .00 
4307 .19 
4310.65 
4342.5) 


= 
~ 


4342.5 
4390 . 93 
4400 .52 
4430.13 
4542.4 
4549 .138 
45560.962 
4045.20 


5] 
4342-526} 
5 


NOTES TO TABLE III 


Starred lines uncertain on account of 3883 CN band 


Blend 7b 1 (to violet) and 7) u 
Blend complex 7d m1 line 

Close blend 7b 1 and 7) 
Furnace line partly V 

Blend 70 1 in arc 


Difficult blend 


Blend in arc with Gd 

Blend V in furnace 

Blend V and Gd 1 
Components partially resolved 
Blend in arc with \ 4549.07 
Blend in arc with A 4556.92 
Components partially resolved 





CLass, 
No. Comps. 


I 
TIA 
IIL A, 4 
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d (LA.) 


3830.49. 
3838.07.. 
3840.91. 

3841.313T 


3842.0157.. 


3844.30 
3846.351T 
38460.90.. 
3848.36 
3849.390T 


3850.040T ... 
3850.4407. 


3850.5 277 


3853.040T.. . | 


3854.90... 


3855.60 
3858.08 
3858.39 


3862.606.... 


3863.20 
3805.45. . 
3866.590T 
3867.83. 


3868.464T . 


3868.817T 
3869.10 

3869.430T 
3869.871T 


3871.6427.. 


3872.14.. 
3873-9897 
3875-15 
3877-94 
3879.05 * 


3881.995T... 


3883.05 .. 
3887.52 
3888.40 
3888.99 
3891.85 
3891.982T 
3892.87* 


3893.390F . 


3894-5331 
3805-35 

3806.18.. 
3896.656T 


3898.540T. .. 
Se 


3902.39 
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TABLE IV 


TEMPERATURE CLASSIFICATION OF DySPROSIUM LINES 


} 
INTENSITIES 
| 
| 
| 
| 








CLass_ || d (I.A.) 
Arc | Fur 
Go | sr | SHE 2003-3327... 
5 ot 3904.089T 
10 5? | I] 3904.14 
40 3 Vi CR 3905.56 
20 2? | Ill || 3910.108t 
Geel? 2 II 3010.51.. 
15 Sette VE | 3911.677T. 
8 6 | Il || 30912.544T 
2 3 | | soraas.... 
15 | VE | 3913.628f 
a ois | VE 4073.06... 
4 |. nap eae | 3914.860T. . 
S feces. | V E | 3915-5907 .. 
a oe IVE || 30917-204T. 
4 | ..| VE |] 3917.372t-. 
5 |. | VE 3918.53....- 
§ fe..cc.) VE ff gospaast... 
ee ae 7 | II | 3020.1227.. 
5 | 2 | Ill 39020.84..... 
ie Binsien sh) oe 3923.300T... 
eli | VE 3923.390T 
20s | VE 3924.415T 
a + VE 3924.46 
25 | 221] IVE 3927.8606T 
50 | 12? | II 3929-33 : 
3 | VE 3930-1531 .- 
"i, ACS aT | 30931.207T.. 
25 | > | VE 3031-5331 
ite) | VE 3032.231T 
300 | ; 1 ez 3932-97 
- tf) ees 3934-17 
4 pela VE 3930.03 
2 | V E 3930.29 . 
2 | .| V E 3930.708T .. 
12 | VE 3037-105T.. 
4 | VE 39037-990T 
8 ch ae 3038.1T 
6 | VE | 3938.200T. 
ne ae IV 1] 3939.23.. 
Ts VE | 3039-793T 
6) | «&-~) ae | 3942.050T 
12 8? | II ? | 3942.527T 
I 6 | IIIA || 3944.688T 
zt 6 | IIIA || 3946.9390T.. 
“a? ere | VE } 39050.3951 .. 
I 6 | TIA || 3953-515T.. 
2 6 | IIA || 3954.55of.. 
300 20 | IVE 3957-7971 .. 
{4 IT] || 3958.004f.. 
6 | 1 
6 ITI |} 3959-35 : 
2 | VE | 30961.810f... 


| INTENSITIES 


2 
Pe) 
I 


oe) 


| 
| 
| 


NO = & Sb 


Sms) 
Cun AL W 


on 


Cuennf& nF OW KH BH DO 


n 
Oo 


Pre hwW DP OR CMO 





Arc 





Fur. 


4 
4 


mn 


++ 


n> 


wn 


un Ww 


; wm- 


— 
> 


AAs 


alleen ol Bee oe Boel 
- 


> 














d (LA.) 


3962.601T... 
39063.80..... 
3904.70.... 
3906.362T... 
3907.51 “Tt ie 
3968.393T... 
3969.2337T.. 
3971.214*f.. 
3972-4147. 
3973-8797. . 
3976.905T... 
3978.556T... 
3979-4771... 
3981.372T... 
3981.930T .. 
3983.650f... 
3984.221T... 
4004.70...... 
3985.360f ... 
3986.05.... 
3987.06... 
3988.886F . 
3990.35..... 
3991.328T... 
SOOT OO... 2's 
3993-5751... 
3993-8571... 
3994.5351... 
3995-9931 .. 
3996.6947T.. . 
3996.926T... 
2008:10...5. 
3998.940T 
4000.454T... 
4000.5887... 
4001.524T... 
4004.48..... 
4005.840T... 
4000.071T... 
4007.137f... 
4007.77... 
4010.08... 
4011.295 
4011.820f... 
4012.5237... 
4013.826T... 
4014.094T... 
4014.7131... 
4015.18. : 
4017.055{... 
4019.40..... 
AOS E005 
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Arc | Fur 
8 8 
3 Bet acd 
2 yee: 
3 6 
10 8 
| 1000 20 
3 5 
3 6 
2“ 5 
5 6 
a. 4 
| 150 5 
ie 2 Foe 
3 6 
75 
100 5 
60 I 
2 et ie 
I 4 
2 4+ 
SU, Sen er 
2 5 
2 . 
a Sener 
Be > Rist s-stee'a 
4+ +4 
I 3 
I 6 
I 6 
200 4 
I 4 
I 5 
600 10 
I 3 
I 3 
2 3 
12 6 
10 6 
a 
a eee 
ee Eee 
20 aces 
I 3 
I 4 
15 40r 
I 4 
25 I 
ne eee 
I 4 
eee 
ee ree ee 





TABLE IV—Continued 





Ill | 4020.88.... 
VE | 4020.897T 
VE 4023.7227... 
IIIA || 4024.437T... 
III 4024.906T... 
IILE 4025.2057.. 
III 4025.605*t 
IIIA |} 4025.75 
IITA 4027.787T 
Ill 4028.325T.. 
IITA 4028.418T...| 
IVE 4031.081T.. 
VE 4032.480T.. .| 
IIA 4032.847T...| 
VE 4033-5887 .. 
IVE 4033.066F .. 
VE 4030.335T... 
VE || 4037.628T.. | 
IITA || 4038.528f.. .| 
III A 4038.719t...| 
VE | 4038.834T.. | 
IITA 4041.980T .. 
VE 4043.0467 .. 
VE 4045.281f.. 
VE || 4045.977T.. 
III || 4047.740T. 
IITA ||} 4048.942T.. 
IITA 4049.3747. 
IITA 4050.581T 
IVE 4052.40 
IIA 4055.013T. 
VE 4056.13... 
ITI A 4057.40.... 
TIE 4060.58 
IIIA 4061.054T 
IIIA 4065.15 
ITI 4005.400T .. 
Ill 4000.70... 
Ill | 4067.968T 
HIA || 4071.032f. 
VE | 4072.05 
VE | 4073.110T.. 
VE || 4074.02 
IIA || 4077.35.... 
IIIA || 4077.9747... 
ITA 4079-27... :. 
IIA || 4079.595T.. 
VE | 4083.100f... 
VE 1 4083.74..... 
IIA |} 4085.140f.. 
VE | 4085.344T... 
VE | 4087.22.. 

| 











NS 


> 
Q 
° 


nr 
OW Fr OWS bd 


Ww 


6 


.) 
Biss Be 
-— NNN HRWOW NR HH DH PD 











a 


Mowwwth & oe Sa 


NR 


Om Ow 


“Coo 
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CLASS 


VE 
IIIA 
IITA 
VE 
ITI 
IITA 
IITA 
VE 
VE 
VE 
IT 
IITA 
VE 
III 
IITA 
VE 
VE 
IITA 
VE 
IIIA 
III 
VE 
IIIA 
IITA 


IITA 
Ie 
II 
IVE 
IITA 
III 
VE 
VE 
VE 
IITA 
IITA 
IIA 
IITA 
IIL A 
IITA 
VE 
IVE 


IVA 
III E 
IIIA 
TILA 
IITA 
IIA 
IIA 
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TABLE IV—Continued 
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INTENSITIES | 
r (LA ) | *“ a a CLASS 
| Arc | Fur. 

4087.388t...| 2 | 6 | IIA 
gebp.sary...| t | § IITA 
4090.399T...| I 3 IIA 
a a oe a ee .) aR 
4001.77..... 4 | hx al VE 
4093. 647+... I | 5 IITA 
4095.251T... gee Wa IITA 
4096.109T... S| 35 IITA 
4096.6307... Ton ae IIIA 
4099.8867... 2 4 IIA 
BTOTAS 6.06 I | 4 IIIA 
4101.850f ... aur ae IIIA 
ATOEOS...... a a eae VE 
4103.3127.. -| 500 | «15 IVE 
4303-576" 7..| 30 | -6 II] 
grostosa@T..| e° | 6 IITA 
4105.05..... | 8 Sse. VE 
4105.814f...| I | a4 IITA 
41006.30.. 2 ooo | VE 
4106.70 ae | ean ke VE 
BEGINS. 5 ee Os tee 
eYttsaot....1 10.1 8. | AVE 
SUISOS.. 65. 2 8 | IIA 
4114.09..... I ASE | VE 
Se a ee 6 | IVA 
SS Sen ieee, - a (eee | VE 
4120.66.....| I 4 | IIIA 
4124.626T...| 30 I | VE 
4126.14.....| 4 | 157 | ITA 
4128.241f...| 20 | I | IVE 
gtegns.......| ~8 } m5r | IIA 
4129.425T...| 100 ey fo IVE 
4130.42.....| 6 | tar | ITA 
4I31.04..... f= eee | VE 
Meares. st a Slawunces VE 
ee Me Fe wea VE 
4133.86.....| 10 Be im Ill 
A244... | 8 = III 
AISATS casa 2 3 III 
4136.94..... I I IV 
AI36:54... 05. 3 6 IITA 
4130.50..... 3 6 IIIA 
4141.3051... I 6 IITA 
4141.514f.. 20 | 2 IVE 
4143.100T...| 300 5 IV I 
4145.59..... oe [nseeee | VE 
4146.069f...| 40 | 30r II 
4148.00..... I = IT] 
4149.84..... I | 4 IT] 
AcS2.42..... I Peon etarete VE 
QiS3.it..... | 3 | 4 III 
SESGAD.. 5551 I 5 IITA 








d (1.A.) 


yb ae Poles 
4¥50.06..: 5 «.. 
ATS7IBG. «6: 
4158.04..... 
4159-34..... 
AEOO ZA. 66 0 
BiG03-25 .. <..'. 
4104.74... 63 
4200523 205.5% 
ATO7 AO... 
4167.966T... 
4100.07 ...5 5 
4169.241f... 
Pb ok | 
ALFOES. 2. 
4171.9257... 
4171.9927... 
4176.64.... 





APIOBE.. 05. 
4T77-7541...| 


4178.072T...| 


ATOI-25+...: 
re 
4183.611T... 
4183.7267... 
4186.8107... 
AIGOs ST «6. 0s 
4190.90.... 
4191.6277.. 
4194.8277.. 
AI05:22"... 
AIOT.O3:.... 
AI0T.OF..... 
4201.. 
4201.. <4 
4202.245]... 
4203.99..... 
420503..... 
4206.544*f.. 
4207.68..... 
ABEL IO... « 5 
4211.7 
4213. 
4234.30..... 
4215.1667 ... 
4216.00... ... 
4218.091T... 
SAEEES 6... 
4221.104f... 








INTENSITIES 








Arc Fur 
Pi 
| 
I— | 4 
I— | -4 
Sa 3 
I 0 
a er ee 
I 5 
3 6 
I 3 
I 4 
i 4 
I ZS 
Be eet Ae 
200 100R 
I 5 
oe wade tak 
| 
aman QO 
I 4 
4 8 
6 8 
[ 3 
I 3 
2 3 
5 4 
2 5 
0 Io? 
30 30r 
600 300R 
2 4 
ite) 8 
80 5oR 
500 =| 200R 
6 | ? 
25 | 45 
2 | 5 
20; - |} re 
IO Le 
30 2or 
I 4 
8 ste) 
25 6 
5 6 
15 30r 
200 600R 
60 50R 
4 12 
125 100R 
I 4 
200 150R 
(Soa, See 
250 200R 

















CLASS 


VE 
IITA 
IITA 
IITA 
IIIA 
VE 
TILA 
TIT A 
IIL A 
IIIA 
IITA 
IITA 
VE 


IIIA 
VE 
TILA 
IVA 
IITA 
III 
IITA 
IITA 
III 
III 
IIIA 
VE 
Ill 
II 


IITA 
II] 
I] 
II 
ITI 
II 
IITA 
If 
VE 


IIA 
Il] 
IV E 
III 
ITA 
II 
II 
IITA 


IITA 
II 
VE 
II 











Sieemdicamha 








to 
12) 
to 


42: 


Sie ie 
NH HNN 
WW WW W 
STOOL +S ¢ 
fo ) 
a 


1 oe 
4. 


4237.957....| 


4240.69f... .| 
AGATSZT.... 
4242.731.. ye 
4243-007 . pars 
4243-451 .... 
4244.79..... 
A2A46.04..5..: 


inn & 
00 @# 
& 
av 
+ 


to 
2 oO 
2 


NINNNNIN 
Ann ui W Ww 








| 
| 
| 
| 


Se ee ee) 


> 
° 


Ww 
COR ND HH He 


o) 


a ee | 


Or Rr DH wW 


ee i o,ao ee <) 
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TABLE IV—Continued 





rrr 


— 
= 
rrr re 


Pr rr rr. 


» (LA.) 


tb dh 
.o) 

> > 
ne 
4t 
= 


4329.89..... 


4334-07T....| 
4334-37T---.| 


AZ40.08 .. <2. 
4339.68..... 
ey eee 
4347-721... 
rote) ae 
4356-777... . 


INTENSITIES 





295.038]... | 


—— ae CLASS 
Arc | Fur. 
I— 3 IIIA 
2 8 IIIA 
I- = | Sees 
I— | 5 IITA 
i ¢ IIIA 
—| 3 IIL A 
I— | 3 IIIA 
I— 2 IIIA 
I— c IIA 
2 8 IITA 
iT Y IITA 
So pk IIIA 
I— | 2 IIIA 
ip. - Feces: VE 
23 | 7 | IO 
i— | 3 | IDA 
I— | 3 | TIA 
I— | 3 IIA 
I 5 IIA 
b> "Ben Gees VE 
ee 4 IIIA 
| To jeeeeeee VE 
I- 2 IITA 
4 VE 
| Reelace eee VE 
I— 3 III 
2 5; i = 
100 7 IVE 
I 4 IILA 
I— 4 IITA 
ee | VE 
I— 6 IITA 
I— 4 IIIA 
I— 4 | IIIA 
I— 4 | IIA 
b- 4 latins 
i a IIL A 
RG wawen VE 
i a ar IIA 
ge eee VE 
as IIIA 
I—} 2 IIIA 
a ere VE 
I VE 
I— 3 IIIA 
o 0 IIA 
I— 6 IIA 
8 | VE 
I | aa VE 
& ff oe IITA 
z— | 6 IIA 
1— | 3 IITA 
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d (1.A.) | CLAss d (1.A.) Sees CLASS 
Arc 

4358:a77... | 12 IVE 4506.96..... I IVA 
4205.30... 2 VE ASOB.ET...... I— IVA 
4364.06..... o/s VE £572.60... I— IIIA 
4364:28..... ge. VE 4516.94" ... 3 ITI 
a705:60T....] .r— | IIIA 4518.53.. 3 VE 
4266.93... oe 4 III A 4519.79. 2 VE 
4368.26f.... IITA A592.68...... I— TIA 
BSG0-85 55. IITA pec | I IVA 
Asv4.4at... . IVE 4520.00..... I IVA 
le IVE PT) ae 6 VE 
BAG5 643.055. VE 4531.50..... I ITA 
4380.23..... VE ASR 94. :.. 5. 5 VE 
4380.48T.... IIIA Pn) ae I— IVA 
4384.36... VE BERTO0...... 4 VE 
4486.90... VE Me ke I VE 
4389.79T.... IVA 4540.48..... I— IVA 
4300.327.... IITA 4540.82..... I— IITA 
4390.94T.... IITA ASEG.00........ 2 VE 
4393-28T.... IIIA ARGCS5....; I— IIIA 
4394.98... .. VE QEREiO2......... I— IITA 
ASOT ETT ...:..: TIA ASEE.OF.... I IITA 
4300-737... . IITA 4550.48..... I VE 
4400.10..... VE ASS7.40....... I— 4 TIA 
4403.987.... IITA 4559.62. I— 3 IIIA 
4408.05..... VE 4565.098T 8 20r IIA 
4409.3841... IVE 4565.95T.... I— 5 IITA 
4409.93T.... IIIA 4500.22... ... I— 3 IVA 
re a ye IVA 4567.00..... I 8 IIA 
4411.69f.... IIA 4568.42..... I— 3 IIIA 
4414.20f.... IITA Oe ae 2 VE 
4427.60. .....; VE 4596.02 ..... 2 VE 
4426.87..... I IVA A577-3771...|. 30 II 
4431.00..... 3 VE oS: I— IITA 
BATSIIS w.0.6 5 I VE ASSEOO:.... I— IITA 
44360:65..... I VE A5BO1S...... I— IITA 
gaeaOt .-. 5. 6 IIIA 4580.64..... I IV 
4448.23..... 2 VE Pe ee 5 VE 
4449.16..... 2 VE 4589.078f... I IITA 
4449.702T 60 IVE 4589.367T...| 150 II 
4454.334T I— IITA BEDOLES 0.055 I IITA 
4455-49..... 4 VE ASOT.OT ..... I— IIIA 
4467.88... 2 VE ASOL7S. «.<°. I VE 
4468.16*. 8 IVE nes Se I VE 
4480.68..... 2 IITA 4599.84..... I— IVA 
448233 62... I IVA 4606.04..... I IIIA 
4484.37 ae: IITA 4652.27... .] 100 II 
4487.85 ..... I— IIIA Se ae I IVA 
4402.14..... | I— IITA 4614.82..... I IVA 
44096.41..... | I IVA 467725 ..... 4 VE 
4499.26..... I IIIA 4620.02.....] 10 VE 
a ae 5 VE 4022524... I VE 
4503.38T.... I— IIIA 4622.78T.... I— IITA 



































4024. 
4027 


ee 
as... 


4028.07.. 


4031. 
4034. 
4035. 


4041. 


51. 
78. : 


22 
JGoeee 


4638.: 


§2 


if 


4043.49. 


3879 
3892 
397! 
4025 
4103 


4105. 


4195. 


4200. 


4201. 


4323. 
44608. 
4510. 
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TABLE IV—Continued 


| INTENSITIES INTENSITIES 
| : = CLASS X (LA.) |- a CLAss 
Arc | Fur. | | Are Fur. | 

I 5 | IVA 4650.17 I 12 III A 
1— | 8 | IDA 4651.54 en Pec VE 
I eat Oe 4662.20. I 3 | INA 
I 8 IITA 4062.76 I 4 | IITA 
I— @ | EWA 4664.68 5 I | IVE 
I © | EEA 4673.62 2 tat: WS 
I ck Cee 4675.81 2 2 | IV 
I— 4 IITA 4681.01 I 5 | IITA 
I 4 | ITIA 


NOTES TO TABLE IV 


Double 

Blend V in furnace 

Blend Dy 1 in arc 

Blend in arc with \ 4025.75 
Blend in furnace with Ho \ 4103.84 
Blend in arc with A 4105.05 
Difficult; close to preceding line 
Probably blend with Dy 1 
Double 

Blend in arc with faint Dy u 
Probably blend with Dy 1 
Blend in are with Dy 1 

















250 
INTENSITIES 
d (1.A.) as 
Arc Fur. 

BITES 0 os Be ind cores 
3842.05.....| RE visas 
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TABLE V 


TEMPERATURE CLASSIFICATION OF Hotmium LINES 
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r NOTES TO TABLE V 

3861.7. Blend head of CN band 
3950.50 Blend Y in arc 
3986.5 Probably two complex lines together 
4040.84 Reversal is for red component, which is complex 
4053.92 May have four close components 
4001.02 May be impurity 
4087.65 Red component shows at low temperature 
4103.84 Resembles \ 4053.92 
4127.16 Red component stronger in furnace 
4134.56 Blend V in furnace 
4152.54\ Apparently a blend of two six-component lines, with components oppositely 
4152.75) graduated 
4173.23 Blends in furnace with foreign line 
4363.93 Disturbed by band 
4400.54 Blend V in furnace 
4455.59 Given by Kayser as welsium 


4000 .62 
4601 .33 
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TABLE V—Continued 

















May be impurity 
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DISCUSSION 

Europium.—Table I contains 219 lines, of which 133 belong to 
the neutral and 86 to the ionized atom. Each of these main divisions 
contains two groups of very different type, one group responding to 
low and the other only to high excitation, *with a lack, in this por- 
tion of the spectrum, of lines of intermediate character. Hyperfine 
structure prevails for a large proportion of the lines, the patterns 
being narrow and seldom sufficiently resolved to permit more than 
a rough estimate, from the appearance of the line, of the probable 
number of components. That hyperfine structure, rather than the 
widening due to high excitation, is responsible for the soft and 
diffuse appearance of many lines in the arc spectrum is indicated by 
the failure of these lines to sharpen when barely visible in the furnace 
spectrum, where excitation widening should disappear. 

The lines of low excitation in the ionized spectrum have intensi- 
ties seldom found in rare-earth spectra. These are AX 3907.1, 3930.5, 
3971.9, 4129.7, 4205.0, 4435.6, 4522.6. The line \ 3819.6, outside 
the range here studied, belongs to the group. In structure each line 
consists of an unresolved triplet, with a fourth line, usually sepa- 
rated in the furnace spectrum, on the violet side. The complex line 
reverses strongly in the arc, the single line to the violet making this 
side of the reversal stronger. The ionized character of these lines 
was clearly shown by their almost complete extinction when caesium 
was added in the furnace; but with europium alone the lines are 
strong in the furnace, and with long exposure show at temperatures 
as low as 2000° C. This behavior places them in class III E. The 
other enhanced lines in this region are of very different type. These 
were selected by comparison of arc and spark spectra and require 
high excitation, belonging usually to class V E. 

The neutral lines of europium present a similar contrast between 
groups. Three low-temperature lines occur at AA 4593-993, 4627.122, 
4661.865. These reverse widely in the arc and at the higher furnace 
temperatures. At low temperatures they widen strongly while the 
vapor is plentiful, after the manner of ‘‘flame”’ lines, but the strong 
sharp line which persists at low vapor density in each case indicates 
an absence of hyperfine structure. Aside from these three, the 
neutral lines in this region are weak in the furnace, and appear faint- 
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ly at high temperature, though some of the strongest can be seen 
at temperatures as low as 2300° C. 

The wave-lengths in Table I are for the most part by Eder.* The 
lines belonging to the strong groups discussed above have been 
measured by the writer in the furnace spectrum, where superior 
definition of the components of the complex ionized lines was ob- 
tained in spectrograms taken at moderate temperature. Standards 
were furnished by lines of titanium and vanadium given by the 
graphite tube. 

Gadolinium.—Table II contains 627 lines, of which 365 are 
neutral, while 262 belong to the ionized atom. The wave-lengths are 
for the most part the international values of Eder,” but are supple- 
mented by 236 wave-lengths measured on the writer’s spectrograms. 
The spectrum is typical of the even-numbered rare earths, its lines 
being sharp and reversing with difficulty. The lines of class I are 
visible at 2000° C, and the low-temperature spectrum ‘is well de- 
veloped at 2100°. Between this and the spectrum at 2300” there is 
a decided contrast, owing to the development of class III lines. The 
stronger ionized lines show at 2600°, but were fully suppressed at 
this temperature by the addition of caesium chloride. Spectra of the 
spark, arc, and high-temperature furnace are reproduced in Plate XII, 
which illustrates the slight difference between the arc and spark 
spectra in this region, other than the usual weakening in the spark 
of the neutral lines forming the furnace spectrum. 

Terbium.—The region under examination is very rich in lines, 
733 being of sufficient strength to be listed in Table III. The wave- 
lengths are for the most part converted from those of Exner and 
Haschek,? but some are from Eder‘ and from Eberhard,’ and 128 
lines, a part of them new, have been measured by the writer. Thenum- 
bers of neutral and ionized lines are 482 and 251, respectively. The 
furnace spectrograms showed a small number of class I lines, of 
which several are grouped near \ 4300; but the very rapid develop- 
ment at medium temperature places a large proportion of the furnace 
lines in class III. 

t Sitzungsberichte der Akademie der Wissenschaften in Wien, Ila, 126, 473, 1917. 

? [bid., 125, 1467, 1916. 3 Loc. cit. 4 Op. cit., 131, 199, 1922. 

5 Zeitschrift fiir wissenschaftliche Photographie, 4, 137, 1906. 
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Hyperfine structure, while not a conspicuous feature of this spec- 
trum, is present in a considerable number of lines (see final column 
of Table III). The patterns are in general narrow. The lines given 
as having two components may be more complex, and occasional 
patterns of six components, with partial resolutions, are found. 

Dysprosium.—The wave-lengths in Table IV, which contains 534 
lines, are for the most part those of Eder,’ who also lists the con- 
verted values of Exner and Haschek? and of Eberhard.’ These are 
supplemented by 274 wave-lengths obtained from the writer’s plates, 
chiefly for lines which can be measured to advantage in the furnace 
spectrum. A large proportion of the neutral dysprosium lines appear 
at about 2200° and are often very faint in the arc. Their absence at 
the lowest temperature used places them as a rule in class III or 
III A. Many other lines belonging in class IV A show distinctly in 
the high-temperature furnace spectrum and must be measured when 
a complete listing of neutral lines is undertaken. The region under 
examination contains also a very distinctive group of low-tempera- 
ture lines, of which the first is \ 4045.977, and the others are near 
4200. These are distinct and sharp at 2000°, reverse widely in the 
high-temperature furnace, and are strong in the arc. They are 
typical class II lines, none of the dysprosium lines in this region 
being assigned to class I. As Eder has noted, these class II lines are 
the only ones which show marked widening. Most of the dysprosium 
lines remain sharp for different excitations, and no evidence of hyper- 
fine structure has appeared. 

The ionized lines of dysprosium are easily excited, some appearing 
in the furnace at temperatures as low as 2200°. An arc spectrum of 
moderate exposure is made up of the ionized and a few of the stronger 
neutral lines, the furnace or a very strong arc exposure being required 
to bring up the lines forming the greater part of the neutral spec- 
trum. The arc intensity of these is often so low as to be given as 
1— in the table. 

Holmium.—The holmium spectrum in this region presents many 
features of interest. The study is difficult on account of the impure 
material which the writer and apparently all previous workers have 
had to use and the unsatisfactory state of the wave-lengths for this 

‘Op. cit., 127, 1, 1918. 2 Loc. cit. 


3 Publikationen des Astrophysikalischen Observatoriums zu Potsdam, 20, 60, 1909. 
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spectrum. Table V contains 164 lines, whose identification with 
holmium was in nearly all cases clear. The wave-lengths are for the 
most part those of Exner and Haschek, converted to the interna- 
tional system. Dysprosium lines, which occur very generally in 
Exner and Haschek’s holmium list, were eliminated by means of my 
material for dysprosium. 

Hyperfine structure with wide patterns is very common for both 
neutral and enhanced lines of holmium, 58 of the lines having either 
four or six components. Lines given as having four components may 
be really six-component lines with close patterns. The lines of an- 
other large group are distinctly double. A few of the six-component 
lines' were partially resolved, the structure being similar to that of 
praseodymium’ in that the spacing of components is graduated, with 
the larger interval in some cases to the violet, in others to the red. 
Wide patterns of holmium lines are not confined to lines of high 
excitation as are those of praseodymium. While the stronger ion- 
ized lines in this region are always highly complex, and the strongest 
neutral lines, a group between A 4050 and X 4200, are single or at 
most double, a number of low-temperature neutral lines having wide 
patterns are found. Of these the class I line \ 4254.43 is strong in the 
arc and at all furnace temperatures, but others, of which ) 4497.7 
and \ 4262.52 are typical, are faint in the arc, but strong at high 
and medium furnace temperatures. 

The neutral spectrum contains the prominent lines of classes I 
and II, photographed at about 2000”, and, in addition, a large num- 
ber of class III lines which are often relatively faint in the arc. The 
latter lines are usually at least double and in the blue region show 
many good examples of hyperfine structure. 

The ionized lines, usually complex, become less frequent near 
4000, some of them having considerable intensity in the high- 
temperature furnace, as well as in the arc. Their ionized character 
was readily shown, however, by their disappearance Ww na mixture 
with caesium was used in the furnace. 

CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILSON OBSERVATORY 
August 1930 
t Some of these having the best resolution appear as if they may have eight com- 
ponents. 
2 Loc. cit. 








MULTIPLET INTENSITIES IN THE SOLAR 
SPECTRUM!® 
By R. VAN DER R. WOOLLEY 
ABSTRACT 

The widths of the lines in a titanium multiplet in the solar spectrum have been meas- 
ured and compared with the theoretical intensities given by the quantum theory, which are 
in agreement with the observations of laboratory emission spectra. There is a marked 
divergence in the solar spectrum, the weaker lines appearing relatively stronger. Further, 
a survey of all the lines in the solar spectrum in the region XX 4500-4600 was made. When 
the lines are grouped together according to Rowland intensity, the square of the 
mean width, which gives the number of atoms concerned in the formation of the line, 
shows a similar marked divergence from the values found by Adams and Russell, who 
calibrated the Rowland intensities on the basis of theoretical multiplet intensities. 
Multi plet intensities in the solar spectrum differ widely from intensities in emission spectra, 
the weaker lines being relatively stronger in the solar spectrum. 

Using the 150-foot solar tower and 75-foot spectrograph, the writer 
has made a photometric survey of the lines in a small region in the 
solar spectrum from \ 4500 to A 4600. The work is preliminary and 
supplements the projected Mount Wilson survey of the solar spec- 
trum. The method of standardizing the photographic plates is dif- 
ferent from that used by St. John in his investigation of selected 
multiplets, and utilizes apparatus designed by Dunham, which 
is equivalent to a step wedge placed in front of a spectrograph. 
The procedure adopted was to cut a plate in half. One half was 
exposed to the solar spectrum and the other in the standardizing 
spectrograph, both halves being developed together. The contours 
of the absorption lines were then measured with a microphotometer. 

All but the strongest lines are, however, very narrow. Hence, 
on account of the finite resolving power of the original spectrograph 
and also of the microphotometer, the contour so determined is 
necessarily only approximate. The limitations of the method and 
various corrections have frequently been discussed elsewhere, and 
some experimenters are devoting themselves to increasing the ac- 
curacy of the method; but a great deal of information, particularly 
about the stronger lines, can be obtained with the methods at present 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing- 


ton, No. 413. 
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available. In particular, the widths of the lines, in thousandths of 
an angstrom, taken at some definite point (e.g., where the intensity 
has fallen to nine-tenths that of the continuous background), can 
be determined for the stronger lines. These widths have been used 
by A. Unsold to determine the “number of atoms above 1 sq.cm of 
the photosphere.” Milne has attached a definite meaning to this 
phrase,’ namely, the number of atoms above a certain optical depth 
which depends on the intensity, expressed as a fraction of the in- 
tensity of the continuous background, at which the width is meas- 
ured. 

The immediate application of the present set of observations is to 
examine the calibration of Rowland’s scale of intensities by Russell 
and Adams, and to test the underlying assumption that the inten- 
sities of lines in a multiplet are proportional to the corresponding 
intensities in laboratory emission spectra. The present observa- 
tions give the important result that there is considerable divergence, 
the weaker lines being relatively much stronger in the solar spectrum 
than in emission spectra. This result has been suspected by St. 
John and others for some time. 

Individual observations of the width of a line are subject to con- 
siderable uncertainty. The chief sources of error and methods of 
combating them are set out later, but whether a homogeneous set 
of observations contains systematic errors or not, the relative widths 
of the lines have a definite meaning, namely, that the squares of the 
relative widths at some definite point are proportional to the num- 
ber of atoms above a certain optical depth, systematic errors intro- 
ducing an uncertainty into the precise value of this depth. Hence 
the relative intensities in a multiplet may be taken from a homoge- 
neous set of observations (i.e., observations derived from the same 
plate) with considerably more confidence than can be attached to 
any individual observation. The same remark holds for statistical 
observations on the Rowland intensities. 

This expected result is borne out by some sets of observations 
given in Table II. Details of the standardizing apparatus are in- 
dicated by Figures 1 and 2. The apparatus was constructed by 
Dr. Dunham and used by him in his stellar work. The design fol- 


t Monthly Notices of the Royal Astronomical Society, 89, 3, 1928. 
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lows the work of G. Hansen‘ and R. Frerichs.? Light from an iron 
arc A falls on a system B consisting of two sheets of ground glass 
and a condensing lens, after which it falls on a “raster” C. The 
raster is a brass plate from which a number of horizontal strips 


eh . 
+H | Vf 


S D G B 
Fic. 1 








have been cut. A different fraction of the space so formed is blocked 
in again with black paper in each strip, so that each presents a dif- 
ferent open area and passes a different amount of light from the 
arc. Owing to the ground glass, the illumination of the raster is 

uniform, and the amount of light 


passed by each strip is propor- 
i aeeetenemrineeieaieniaall | tional to the open area. 
s = 8 8 @ | pig : 
ORY Be re A cylindric lens D focuses the 
= & a ae strips vertically but not horizon- 
em ©. 


tally on the slit S of a spectro- 
graph, the images being uniform 
horizontal strips whose intensi- 
ties are in known ratio. The slit 
is left open about a millimeter. 
| The images of the lines are there- 
_________| fore wide, and the spectrograph 
Fic. 2.—The raster C in Fig. 1. The records for each a definite pattern 


relative areas of the open spaces are,from  hroken up into a number of 
top to bottom: 100, 25, 5.6; 70, 11.6, 3.1; 


40:4, 15:5; 4:4; 35-7; 9:7; 2:0. 








patches corresponding to the 
strips on the raster. 

The standardizing curve can be made in any wave-length in the 
iron arc by measuring the photographic densities of these patches. 
A very wide range of photographic densities may be used by a 
judicious choice of arc lines different in intensity but close together 
in wave-length. 

A typical curve is shown in Figure 3. 


t Zeitschrift fiir Physik, 29, 350, 1924. 2 Ibid., 31, 305, 1925. 
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Using Eastman 33 plates, developed four minutes at 65° F in 
Kodak formula D61a developer (half-strength), I have found no 
distinct variation in the curves for the same plate over a range of 
wave-lengths from \ 4400 to \ 4700; probably this is true from 
4200 to \ 4900. Provisionally it seems safe to suppose that two 
plates with the same emulsion number exposed and developed under 
similar circumstances have the same curve; but this has not been 
tested thoroughly, and it is better in any case to determine the curve 
again for each plate used. 

The errors to be expected in this type of observation fall into two 
classes, photographic and instrumental. Photographic errors are 
due to (1) errors in standardizing, (2) the presence of chemical fog, 
and (3) the Eberhard effect. With regard to (1), there should be no 
difficulty in obtaining a reliable curve if such precautions are ob- 
served as making the time of the standardizing exposure equal 
to the exposure time on the solar spectrum. With regard to (2), it 
is necessary to have a very clean plate. Washing must be very 
thorough and the time of development chosen carefully. A fogged 
plate is useless. With regard to (3), with the very large disper- 
sion used, there should not be much trouble, especially as the ob- 
servations have been made in different orders and the plates de- 
veloped with different developers. I have, however, developed some 
plates with ferrous oxalate, which gives no Eberhard effect, but with 
which it is difficult to get clear plates. Good results have been ob- 
tained by washing very thoroughly after developing and then fixing 
in an acid hardening bath (Kodak formula F 1). 

The instrumental errors are due to finite theoretical resolving 
power, imperfect focus, the presence of scattered light, ghosts, and 
lens reflections. 

Two gratings have been tested in the present series of observa- 
tions, one ruled by Michelson and one ruled very recently by Jaco- 
mini at the Mount Wilson Observatory. The latter is a much faster 
grating but does not give as good resolution on absorption lines, 
although the theoretical resolving power of the two gratings is 
about the same. The Michelson grating has therefore been used 
for the observations, but the comparison reminds us to what an 
extent we are relying on the performance of the grating. 
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OBSERVATIONAL ERRORS 


The general method of checking the observational errors has been 
to examine the line \ 4554 of Ba* in detail, with the conditions 
varied as much as possible. The observations on this line are given 
in Table I. The width \—,, of the line is given in thousandths 
of an angstrom at three points where 7, the ratio of the intensity 
inside the line to that of the continuous background just outside 
the line, has the values ,°;, 3, and ,°;. The central intensity is also 
given, as a percentage of the intensity of the continuous background. 
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Fic. 3.—Standardizing curve (Plate 263) 


With the scale used in making the microphotometer tracings, 
1 mm corresponds to about o.o1 A in width, and the slope of A 4554 
is such that an error of 1 mm in fixing the position of the ordinate 
r=,", introduces an error of about 2 mm (20 units in Table I) in 
the width of the line. Owing to various irregularities, it is sometimes 
difficult to fix the position of the continuous background within 
half a millimeter, and, owing to plate grain, the curve traced by the 
photometer may have an effective width of a millimeter. 

The series of readings in Table I fixes the limitation of the method 
at about o.o1 A for any individual observation. 

To test how much of the error is systematic and how much acci- 
dental, the three weaker lines given in Table II were observed re- 














SOLAR INTENSITIES OF MULTIPLETS 261 


peatedly. These are good, clean lines, free from blends. The meas- 
ured widths are given for each spectrogram. The values in paren- 
theses are corrected widths corresponding to a width of too for 


TABLE I 
(Unit for \X—.»=0.001 A) 
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A—Yo CENTRAL 
Pirate | GRATING Ce SS ee ee INTENSITY DEVELOPER 
f Csmad 3 | 6 (Per Cent) 
| 10 } 4 | 10 | 
W 194..-| Michelson 2 | 150 85 | 70 30 D61a 
: =~ : IAS 154 97 70 31 X-ray 
301...| Michelson 3 IBlis4 ae 78 30 X-ray 
cy ae | Michelson 3 165 104 77 26 Oxalate 
313..-| Michelson 2 162 108 83 33 Oxalate 
332...| Michelson 2 | 160 1Ior | 82 26 Borax D76 
32 , | Michelson 3 | 165 116 | 80 20 Borax D76 
350...| Michelson 2 | 160 108 $a fi as Oxalate 
204...| Mt. Wilson 2 | 152 83 oe | | Dé1a 
! 











NOTES TO TABLE I 

W 301.—The two spectra A and B were taken or the same plate. The slit on the 
75-ft. spectrograph is several inches long, and only a small section is used to make the 
actual spectrum, which is admitted through a screen near the plate. In B only the sec- 
tion of the slit actually used was exposed to sunlight; in A all was uncovered, thus in- 
creasing about threefold the amount of light scattered by the grating. As indicated 
above, the effect on the observations is negligible. 

W 350.—Standardized by a different method (rotating sector). 

W 264.—Results obtained with the Mount Wilson grating are given for comparison. 





























BING: . 3 ccenniindenewe | 4533.25 4534.78 4545 .96 
TIGIONE oo oemuche sis Ti Ti Cr 
Rowland intensity... .| 4 3 

r=%5 
WN £00. scan erie ownins 96 (64) | 87 (58) 80 (53) 
RUIN ogo CaNele arzte 9. ror (65) | 95 (62) 77 (51) 
2: eres 104 (64) 100 (62) go (55) © 
WP PRG is scciciels se es ores ror (63) 97 (61) go (56) 

r=} 
| 

Lf Se er 61 (72) 50 (59) 47 (55) 
i es I ee a 65 (64) 66 (65) 52 (51) 
Le 2 Cp ROEe ewer 64 (59) 71 (66) 60 (55) 
NU ARO. o.dice se Spee 61 (56) 61 (56) 61 (56) 
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4554 taken from the same plates. A comparison of the measured 
and corrected widths shows that the errors are about one-half sys- 
tematic and one-half accidental. We therefore eliminate part, at 
least, of the systematic errors when we consider relative widths. 


OBSERVATIONS ON A MULTIPLET 

The best multiplet’ occurring in the spectral region examined in 
the present series of measures is titanium a5F—y‘F°. In this mul- 
tiplet no less than eight lines occur free from serious blending in the 
solar spectrum. For photometry a line must be free from other 
lines, and it is very difficult to find in the solar spectrum multiplets 
giving many lines of sufficient intensity (i.e., having a Rowland 
TABLE III 


Nl Nl 
| | , - 
| } OBSERVED VALUES OF LOG V* 








| | THEO- 

“a A ee sect 
LINE | INTENSITY | | | | rey Vv 

W104 | W30r | W313 | W350 Mean ss 
Pe 2) aa 3 | ea at are | can eS 5 ap Cae ara —0.24 | —0.905 
METAS oo ea 3 7S a) Ears aie | ot SC eee 20} 0.80 
Ye 3 Se a oe | 13 | —0.10 16 | 1.00 
6 ee ee 4 | ; 0.00 | fore) .00 CO} ©.00 
cla Se.) eu) 10 | — .06 | .03 .O4 .06 0.19 
ro ee 3 .28 16 om: 18 21 0.40 
BSAGOGOE ok ce ass] zr a1 34 | .08 08 18 ©.70 
AEARIOT 6. 8 05 os 3 =—O.80. | —O.87 | 0:07 | “O80 | —@.82 | — 1:00 











* Where no value is recorded, the line does not occur on the plate concerned. 

t 4536 and 4544 are slightly blended. 
number greater than or equal to 1) and sufficiently clear of other 
lines. 

The relative widths in a homogeneous set of readings were taken 
at r= °;. The square of these widths is proportional to N, the 
number of atoms above a certain optical depth. The observed val- 
ues of log N thus found are given in Table III. They may be com- 
pared with theoretical values given by the quantum theory,? which 
are in general agreement with observations of laboratory emission 
spectra. The divergence between the observed and theoretical values 
is very marked, the weaker lines appearing relatively much stronger 
in the solar spectrum. 

t Russell, Mt. Wilson Contr., No. 345; Astrophysical Journal, 66, 347, 1927. 

2 Russell, Proceedings of the National Academy of Sciences, 11, 314, 322, 1925. 
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TABLE IV 
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TABLE IV—Continued 








. A—Ao 

= OWLAND ~ eae toe —s 
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leas eee f"i5 

ONG aise nate ek os I V 70 ae openers 
BRR ioc s oii sure eee Se I Fet 60 26 Pata, ee ca 
4583.84 sSglelsa S bicie seis es 4 Fet* 140? 70 | 35 
a ee I Fe TSE, MINS oe soe ahs Rese. crac aiat 
BNR aioe seracisteeatherss 2 Fe 35 28 eae 
4585.88 sip RON! aE 4 Ca 105? 70 | 47 
ian scan crim cners ovis I J 50 Bee Sloan sins 
OS RS a a et 2 Fe 60 20 Sp ean Sah 
IS ee eee ea 3 Crt 85 35 | 14 
NS os cores a teaslae Adie 3 Ti* 95 50 23 
OO Ee ee eee 2 Cr 65 35 12 
Cs ee I Cr* 60 t Se actus 
PETG To nics o's: saucers. 0s ars 2 Ni 80 40 10 
RE RCD Pee a 4 Fe go 50 40 
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gr ee en ae eae 3 Fe 60 35 10 
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OBSERVATIONS IN THE INTERVAL AX 4500-4600 

These observations, given in Table IV, are a homogeneous set, 
that is to say, they are taken from the same plate (W 194) and re- 
duced with the same standardization curve. The wave-length, 
Rowland intensity, and element are given, followed by the width 
A—A, at r=;*,, 2, and ;°;. All the identified lines of Rowland inten- 
sity I or greater in the range AA 4500-4600 are given, except those 
too badly blended to be measurable. 


THE ADAMS-RUSSELL CALIBRATION OF ROWLAND’S SCALE 


In the region observed, AX 4500-4600, there are 17 lines of Row- 
land intensity 1, 21 lines of intensity 2, 20 lines of intensity 3, and 
8 of intensity 4. Taking the measures of plate W 194 at r=,°,, we 
find the arithmetic mean widths of the lines grouped according to 
their Rowland numbers to be as shown in the second column of 
Table V. The square of the relative width gives the number JN. 
The resulting observed values of log N in the second column of 
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Table V are to be compared with the values given by Adams and 
Russell,* which appear in the last column. 

The divergence between the two series is, of course, an illustra- 
tion of the general phenomenon of the difference in relative multiplet 


ROWLAND 
INTENSITY 


| MEAN WipTH 


TABLE V 


Adams and 


Observed | ieee 

0.053 © .00 | 0.00 
.007 .20 0.54 
078 34 I .06 
0.100 0.00 1.59 


intensities between absorption and emission spectra, since Adams 
and Russell derived their values of V by using the assumption that 
the absorption lines have the same relative strengths as the lines in 


laboratory emission spectra. 








anion 
| 
ony @ ROWLAND SCALE OBSERVATIONS 
2 x MULTIPLET, PLATE W194 
a fe) . ‘ ° 301 
ro! F o . : 350 
as 
oo 4 
& ff 
4 
Ps 
i“ a 
r s ee 
re x see = 
i e Oe x x ee 
, _ * 1 @) 
ee . 0x0 
gae 
6X So . 
| 
° —I log N theoretical (emission) 
Fic. 4 


This result seems to be established by the present series of ob- 
servations beyond the limits of possible observational error. The 
ralues are shown graphically in Figure 4, the values of —log N as ob- 


t Mt. Wilson Contr., No. 358; Astrophysical Journal, 68, 1, 1928. To be distinguished 
carefully from their analysis of stellar spectra (/t. Wilson Contr., No. 359; Astrophysical 


Journal, 68, 9, 1928). 
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served in this series being plotted vertically against the theoretical 
(or emission) values of —log N which are entered horizontally. The 
points all fall unmistakably below the broken line representing 
equality between the two values. 

The observed values of —log N for the Rowland intensities are 
plotted vertically (the o being shifted to give log N =o for R=4) 
against the values of Adams and Russell. The slope of the line join- 
ing them is roughly the same as that for the individual multiplet, 
as one would expect. The weaker multiplet lines show some diver- 
gence from the Adams-Russell line, which may be a real characteris- 
tic of the multiplet or may be due to the greater difficulty of measur- 
ing weaker lines. 

It should be noted that the above divergence between theory and 
observation assumes the correctness of Unsdld’s formula for the 
atomic scattering coefficient and the Unsdéld-Milne theory of the 
formation of absorption lines. The present observational results 
may, alternatively, be regarded as a failure of Unsdld’s theory. On 
this view, the multiplet intensities are normal and the Adams- 
Russell calibration is correct; but Unséld’s method deduces the 
wrong number of atoms from the relative widths of the lines. 


It is a pleasure to record my gratitude to the Director of the 
Mount Wilson Observatory, to the staff generally, and to Dr. Dun- 
ham especially, for apparatus, help, and advice. My best thanks are 
due to Miss Ware for assistance in preparing the photometric curves. 
I am indebted to the Commonwealth Fund for the Fellowship which 
has made it possible for me to work at Mount Wilson. 
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INTENSITIES IN STELLAR SPECTRA OF A 
TRIPLET OF Sz Ill 
By OTTO STRUVE anv C. T. ELVEY 
ABSTRACT 


It is shown that under certain assumptions the ratios of total absorptions of the 
members of the Si mr triplet (2's—33p), AX 4553, 4568, and 4575, in stellar spectra, 
depend upon the form of the absorption coefficient. If the latter is caused by radiation 
damping, then the total absorptions are proportional to the square roots of the labora- 
tory intensities. If thermal agitation or any other cause produces a flat but extended 
absorption coefficient, then the total absorptions are directly proportional to the 
laboratory intensities. 

Observations of seven stars confirm the square-root relationship. This is in agreement 
with the assumption that the absorption coefficient is due to radiation damping, and 
tends to confirm the hypothesis that dish-shaped lines in early type stars are due to 
rotation and not to an unusual form of the absorption coefficient. 

The intensities in emission were observed in the spark between terminals of fused 
silicon. The observed ratios are 4.0: 2.4:1, while the theoretical rules give 5:3:1. The 
deviation may be real. 

It is noted that stellar spectra are relatively more suitable for the study of faint 


members of multiplets than are laboratory sources. 
The stellar intensity ratios are independent of the absolute magnitude of the stars. 


I. INTRODUCTION 

Let us consider the following problem: Given the ratios of the 
total intensities of two or more lines in emission, what are the cor- 
responding ratios of the total absorptions of the same lines when 
observed in stellar spectra? 

Let NV; be the number of atoms, in a gas, per cubic centimeter in 
state z, and let A,; be the probability that an atom in state 7 will, 
in unit time, fall to a lower energy-level 7, with emission of energy." 
Then the total intensity of the emission line is 


T=hv-N;Ai;:V , (1) 


where V is the volume of the gas and VA is the number of atoms per 
cubic centimeter that actually make the transition 7> 7. The in- 
tensity of the line is proportional to the number of acting atoms. 
Consequently, if several lines have been observed, 


} Ft ae . mN,A,: Nils: NsyAy sss ss 
«Since, according to Einstein, emission takes place spontaneously, as well as in- 
duced by radiation, A ij=aij+)ij-u, where a and 6 are Einstein’s coefficients for emission 


and w is the density of radiation. 
267 
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provided that approximately »,=v,=7,;=..... Formula (1) holds 
as long as the emitting layer is too thin to give an appreciable 
amount of self-reversal. 

If we observe a triplet originating in transitions from three upper 
levels *p,, *p., and *p, to a single ‘s-level, then in equilibrium condi- 
tions, p 


N,=cg,e *7 , 


where c is a constant, g is the statistical weight of the state, and T 
is the temperature. The energies of the three states are approxi- 
mately the same: E,~E,~E,. Consequently, 
betdyttp@ ZA AsthAy. 
According to L. S. Ornstein and H. C. Burger,t, A,=A,=A,. There- 
fore 
Tei Ly315= 8238032: 


, 


The case of an absorption line is more complicated. The absorp- 
tion coefficient, o, is in general a function of the difference in wave- 
length (A—X,) between the center of the line and the point con- 
sidered. It is also proportional to the number of atoms that pass 
from state 7 to state 7, or N;B;;, where N; is the number of atoms 
per cubic centimeter in state 7 and B;; is the corresponding probabil- 
ity for absorption 

o=Ceo(A— Ao) N; Bj: , (2) 


where C is a constant depending upon the central wave-length, \,, 
and upon various properties of the atom and electron. The residual 


intensity at any given point (A—A,) is itself a function of a: 


h=I(o) , (3) 


t Zeitschrift fiir Physik, 24, 41, 1924. 
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where J, is the intensity outside the line. The form of is not very 
essential. In the case of true absorption, where the energy collected 
by the atoms is not re-emitted in the same wave-length, 


—al 


imho or h=ie : (4) 
if o is independent of the thickness of the layer /. In a scattering 
atmosphere 
I . 
rata (5) 
according to the Schuster-Schwarzschild approximation. A. Unsold’ 
has shown that the difference between the two forms of y is not 
great and we shall here adopt formula (4), although all the computa- 
tions could also have been made with respect to formula (5). In 
this connection it is well to remember that in (4) we altogether ignore 
re-emission from i to 7, while in (5) we take into consideration only 
that part of the re-emission that results from atoms that have 
reached state 7 by the transition 77. Eddington has shown that 
this is not necessarily correct. If state 7 can be reached by other 
transitions and if there is an excess of re-emission 7>/, then the 
intensities can be shown to be altogether different from those which 
result under the assumption that only transitions of the type 7 27 
are possible. With this reservation in mind we consider the value 
of a. Unsold? has shown that in the case of pure radiation damping 


27etn2 Mt , 
c= —, 6 
3m?c4(A— Ao)? (6) 


Here %t designates the number of classical oscillators per cubic 
centimeter. But according to R. Ladenburg,’ 


N= N;f=N;B, hy” & 


where f is called the ‘‘oscillatory strength.” 


t Thid., 59, 363, 1930. 
2 [bid., 44, 793, 1927; 46, 708, 1928. 3 [bid., 4, 454, 1921. 
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Substituting (6) in (4), we get for the total energy absorbed in 
the line 
. "+00 
Barf [1—Y(o)|dA=2)/ oI CN;B;; . 


where C is a new constant. The ratios of the total absorptions are 
proportional to V N;B;;. Consequently, we find that while in emis- 
sion the intensities are proportional to N;, in absorption they are 
proportional to V N,B;;. The numbers V; and N; may or may not 
be in a definite ratio to each other. Consider again the case of a 
triplet having a single lower level, 's, and three close upper levels, 
3p,, 3p,, 3p;. In this case Nj-1.=Nj-.=Nj;-,; and E£ is proportional 
to V B. According to Einstein, the probabilities of absorption and 
of spontaneous emission are proportional to each other. Neglecting 
induced emission, we have B~A g; and therefore’ 


E,:E,:E;=VEinVEIn:VI,;. (7) 


Radiation damping is not in all cases effective in defining oc. 
Various causes are known that produce flat and extended absorption 
coefficients, resulting, of course, in wide and shallow lines. Thermal 
agitation or Stark effect may serve as examples. In the stars we fre- 
quently observe ‘‘dish-shaped”’ contours, and it is of interest to 
ascertain whether or not such lines are produced by a failure of (6) 
in the expression for the absorption coefficient. It may be noted that 
dish-shaped contours have been attributed by us in former papers? 
to the effect of rotation in the stars, and the outcome of the present 
investigation is in full accord with this interpretation. 

Suppose that ¢ in (2) is so small, even in the center of the line, 
that ol is a small quantity. Then in (4), e~” may be replaced’ by 


1—ol and 
+00 
E= ref old. 


* We are making here the obvious assumption that the thickness of the absorbing 
layer, /, is the same for all members of our multiplet. That this is justified, results from 
the investigations of C. E. St. John on multiplets in the solar spectrum (Astrophysical 
Journal, 70, 312, 319, 1929). 

2 Elvey, Astrophysical Journal, 71, 221, 1930; Struve, ibid., 72, 1, 1930. 

3 Formula (8) was first derived by Unséld, and was used by him in a joint paper by 
Unséld, Struve, and Elvey on the interpretation of the interstellar Ca lines, soon to 
appear in Zeitschrift fiir Astrophysik. 
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But" 
Jfod\= N; B;; X Const. 


Consequently, 
E~N;B;i. 


Therefore in the case of a flat and broad curve for ¢ (A—X,) we 
should observe in our triplet (‘s—*p) the following ratios: 


E,: EF,:E,=1,:1,:1; . (8) 


II. OBSERVATIONS 

The well-known triplet of Si m1 at AX 4553, 4568, and 4575 is 
particularly suitable for a test of the two relations (7) and (8). Ac- 
cording to A. Fowler,’ these lines arise from transitions between a 
single 2's-level and three close 3°p-levels. It is therefore the simplest 
form of triplet in the triplet system of Sz m1, and the rules of Burger 
and Dorgelo give for the theoretical ratios of the intensities in 
emission 

V 4553 ° 14568: L575 = 5331 « 


The stellar intensities of the corresponding absorption lines were de- 
termined in the usual way with the microphotometer. Fine-grained 
Eastman Process plates standardized with a tuve sensitometer were 
used for all stars. The linear dispersion was 10A per millimeter at 
4500. Contours for eleven plates of seven stars are shown in 
Figure 1. The actual shape of the contour, in stars with narrow 
lines, is largely due to the instrument, and it would be futile to at- 
tempt a direct comparison with Unsdéld’s theoretical contour. The 
total absorptions of the lines were found by measuring the areas of 
the curves with a planimeter. A summary is given in Table I, where 
the stars are arranged in order of increasing line width. The cor- 
responding components of the equatorial rotational velocities, in the 
line of sight, are given in the last column.‘ There is no appreciable 

™R. C. Tolman, Statistical Mechanics, p. 175, 1927. 

2 Philosophical Transactions of the Royal Society of London, A, 225, 1, 1924. See also 
W. Grotrian, Graphische Darstellung der Spektren, 2, 61, 1928. 

>R. Frerichs, Handbuch der Physik, 21, 443, 1920. 

4 These values were taken from C. T. Elvey, op. cit., p. 227, 1930, except for x Orionis, 
which was not included in that paper and for which an estimate was made for the pur- 
pose of this paper. 











fe) 


20 


A 4553 












































Fic. 1.—Contours of Sz 11 lines 
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systematic run of the values of £,: £,: £; with width, and the mean 
agrees reasonably well with V 5:V 3:1: 

The intensities of the Sz 1 lines in emission have not, to our 
knowledge, been measured. Therefore we have attempted to obtain 
the values of J,:/,:I, by direct observation. A condensed spark, 
with self-induction, was passed between terminals of fused silicon. 


TABLE I 


INTENSITIES OF Sz 01 LINES 



































INTENSITY IN ANGSTROM 
UNItTs OF COMPLETE RaTIO OF INTENSITY eae 
. ABSORPTION 
STAR PLATE TIONAL 
——— 1 -. l aa | eT Tokai |} 
d4ss3 | 4568 | d4s7s | Aass3 | d4568 | 4575 
| km /sec. 
+ Pegasi....... IR 1588 | 0.179 | 0.114 | 0.079 20 0 ee | 1.0 ° 
1596a -252 | .134 | .097 2.0 I.4 Bo” Boe wean 
1596b} .280 | .185 |® .143 2.0 3 Eo Le eccs 
1599 .116 | .098 | .o81 1.4 1.2 Pe Es 
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Plate 1596 was reduced twice from two independent microphotometer tracings. 
The two sets of values given in the table were treated as separate determinations in 
taking the mean. Experiments have shown that the width of the analyzing slit of the 
microphotometer had no effect upon the results. 


The lines of Si m1 are present, but they are appreciably broadened 
in comparison to the lines of iron which appear as impurity. The 
central intensities of the lines of Sz 111 were determined with the 
microphotometer, the results for four plates appearing in Table II. 
There seems to be a small but real deviation from the theoretical 
intensities, but the laboratory values remain greatly in excess of 
those obtained from the stars. In fact, the square roots of the ob- 
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served laboratory intensities fit the stellar values as well as do the 
theoretical intensities. 
III. CONCLUSIONS 

The observed stellar intensities are in the following ratio: 2.1: 
1.4:1.0. If we compare this with the square roots of the theoretical 
intensities, 2.24:1.73:1.00, or with the square roots of the observed 
emission lines in the spark, 2.0:1.5:1.0, we can conclude that the 
stellar intensities follow approximately the relationship expressed in 
(7): A,:#,:£,=VI,:V I,:V I,, which agrees with the assumption 
that o is given by radiation damping, as in (6). This appears to be 

TABLE II 


INTENSITIES OF Sz m1 LINES IN SPARK 


| INTENSITY IN DIFFERENCES OF STELLAR | 


| ie annien RATIO OF INTENSITY 

PLATE Poet | 
44553 | A 4568 | 4575 4553 4 4568 X4575 
Ect acostiie s weane 1.45 | I .08 0.00 3.80 2.590 I .0O 
2 1.53 I .02 fore) 4.05 | 2.55 I .0O 
a 1.57 | 0.90 0 «6©|)«64.20 «©6|~—l2.30 1.00 
ee E47 2.72 | @80 { 3.55 1.95 I .0O 
Mean.. | 1-50 | 0.93 | 0.00 | 3.98 | 2.38 | 1.00 


independent of the character of the lines: wide and shallow lines 
obey the relationship as well as narrow and deep lines. Evidently our 
dish-shaped contours are not due to a change in o. This is of con- 
siderable importance, as it tends to confirm our former interpreta- 
tion of these lines as being due to rotation. Indeed, in the case of 
rotation the total absorption remains unaffected, though the con- 
tours are greatly flattened.’ 

The existence of (7) leads to the interesting result that within a 
multiplet the faint lines are relatively much stronger in the stars 
than in the laboratory. Thus if in the laboratory /,:/,=100, the 
ratio of the stellar lines is only Z,:Z,=10. It is clear that the stars 
are relatively more suitable for the detection of faint members in 
various multiplets than are the laboratory sources.’ 

' Struve, ibid., 72, 13, 1930. 

? For example, in 7 Aurigae many of the faintest multiplet lines of 77 1, classified 
by H. N. Russell (Astrophysical Journal, 66, 283, 1927), are well visible, and a careful 
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It is probably permissible to extend relationship (7) to any set 
of lines, irrespective of multiplet character, provided that the condi- 
tions of excitation in the laboratory source and in the reversing layer 
of the star are similar, and provided that the restrictions men- 
tioned in section I are obeyed. If this is the case, then it is clear that 
the decline in intensity within any given spectral series, such as the 
Balmer lines of hydrogen, must be much slower in the stars than in 
the laboratory. This may in part explain the ease with which the 
higher members of spectral series are observed in the stars." 

Formula (7) may help also to clear up a difficulty in the interpreta- 
tion of Stark effect in B-type stars. It was found by Struve? that 
the ratio of the total absorption of the forbidden He line X 4470 to 
that of the permitted line at \ 4472, in y Pegasi, is E4470): Eqqq72) = 0.2. 
In the laboratory? J (4470): Z¢4472) =6.6 X 10°": F?, where F, the average 
field strength, is expressed in volts per centimeter. If the foregoing 
ratio is directly substituted in this equation, the average field is F = 
17,000 volts per centimeter, a value considerably in excess of the 
maximum value found by other methods (103 volts/cm <F < 104 
volts/cm).4 If we use (7) we get for I¢4470)/Z (4472) =0-04, and the 
corresponding value of F is 8000 volts/cm. It should be noted, how- 
ever, that the helium lines are somewhat broadened by Stark effect, 
and the absorption coefficient is not strictly that given by (6). We 
might therefore expect that for these lines a law intermediate be- 
tween (7) and (8) should apply, leading to a value of F intermediate 
between 8000 and 17,000 volts/cm. 

Our list of stars, Table I, contains giants of great luminosity, 


study of the fainter lines of this star promises interesting results (see also C. H. Payne, 
Harvard College Observatory Bull. 855, 1928). Several other cases are known where pre- 
dicted multiplet lines of various elements were observed in stellar or solar spectra (Th. 
Dunham, Jr., and C. E. Moore, Astrophysical Journal, 68, 37, 1928; C. E. Moore, and 
H. N. Russell, zbid., 151, 1928). 

«It may be noted that while the Balmer absorption lines in stars usually extend far 
out into the violet, the Balmer emission lines in Be stars rapidly decline in intensity 
from Ha toward higher members, and are rarely seen beyond He. 

2 Astrophysical Journal, 70, 237, 1929. 

3 J. M. Dewey, Physical Review, 28, 1108, 1926; 30, 770, 1927. See also correction 
in Astrophysical Journal, 70. 239, 1929. 


‘1 Astrophysical Journal, 69, 173, 1929. 
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such as ¢ Persei, and dwarfs of small luminosity, such as y Pegasi.' 
The ratio of intensities seems to be independent of luminosity (or 
absolute magnitude). 

The values from individual plates in Table I show considerable 
scattering, even for the same star (y Pegasi). It is very improbable 
that this is due to real changes in the star, and we are inclined to 
interpret it as being due to errors of measurement. Whether or not 
individual stars deviate from the mean by small amounts cannot be 
decided from the material at hand. 

Several stellar spectra and one laboratory spectrum are repro- 
duced in Plate XIII. The widths of the stellar absorption lines are 
not the same in the three stars: y Pegasi has very sharp and narrow 
lines, devoid of rotational broadening; in x Orionis, on the other 
hand, the broadening is very pronounced. Our estimate for the 
component in the line of sight of the equatorial velocity of rotation 
in this star is 100 km/sec. In the laboratory spectrum the line join- 
ing the terminals of the spark was parallel to the slit and the spark 
was focused upon the slit jaws. The iron lines appear sharp and are 
most intense near the middle; the Sz 1 lines, on the other hand, 
show pressure broadening, and are weak in the middle. It is easily 
seen that the ratio of intensity of \ 4553 to that of \ 4575 is much 
greater in the spark than in the stars. 

YERKES OBSERVATORY 

October 7, 1930 

t This is inferred from (1) the appearance of the helium lines, (2) the intensity of 
the forbidden line of He, \ 4470, and (3) the width of the hydrogen lines (cbid., 70, 
89, 1929). 
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